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The growing impact of climate change has fueled decades of research into renewable energy-
based alternatives to fossil fuels. Homogeneous, molecular transition metal complexes have potential 
widespread application as fuel-forming catalysts as well as charge carriers in electrochemical energy 
storage technologies. One particularly appealing aspect of these complexes is their tunable ligand 
architecture which, when coupled with rigorous mechanistic analysis, can afford a high degree of control 
over molecular properties. Unfortunately, the electrochemical data that is the bedrock of this rigorous 
mechanistic analysis is often complicated by extrinsic factors or side reactivity. While recent advances in 
electroanalytical strategies have left us well-poised to evaluate catalytic mechanisms and kinetics, the 
question of how these tools can be exploited to identify side reactivity has been rendered comparatively 
out of vogue leaving it difficult to deconvolute and develop strategies to avoid these side pathways.  
This work has sought to improve the toolbox available for molecular electrochemists working with 
homogeneous transition metal complexes. One aspect of this research focuses on critically evaluating 
side reactivities which can greatly complicate electrochemical analysis of seemingly well-behaved 
systems. This work documents the challenges of reversible in situ solubility changes under 
electroanalytical conditions, where a change in redox state or the addition of substrate instigates the 
aggregation and precipitation of the transition metal complex while maintaining the integrity of the 
molecular core. A second aspect has been exploring new strategies for studying multi-electron fuel-
forming transformations using rotating disc electrochemistry. As a whole, this research has been built on 
a single fundamental premise: that electrochemical analysis of transition metal complexes is often 
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Figure 1.12 Simulated RDE voltammograms depicting how an EC′ catalytic waveform varies 
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as 0.001 V s-1, kinematic viscosity set as 0.01 cm2 s-1, electron transfers were set at 
10000 cm s-1 with α = 0.5 and an E1/2 of 0V, and diffusion coefficients of all species set 
as 1 x 10-5 cm2 s-1. Simulated using DigiElch 8.FD. Lee, K. J.; Gruninger, C. T.; Lodaya, 
K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – 
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values of 0.25 (red), 0.5 (orange), 0.75 (yellow), 1 (light green), and 1.25 (dark green). 
The transition to total catalysis can be observed at log(λ) = 2 (light blue). For all 
simulations, scan rate set as 0.001 V s-1, kinematic viscosity set as 0.01 cm2 s-1, 
electron transfers were set at 10000 cm s-1 with α = 0.5 and E1/2 of 0 V, and diffusion 
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Figure 2.1 (A) Cyclic voltammogram of 2.5 mM [Co(bdt)2]- recorded in 0.25 M [NBu4][PF6] 
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mM [Co(bdt)2]- plotted versus added anilinium concentration gives a linear relationship 
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Figure 2.2 (A) Voltammograms of 0.5 mM [Co(bdt)2]- with 1 equivalent 4-tert-butylanilinium, 
pKa = 11.1 (red); anilinium, pKa = 10.62 (green); 4-chloroanilinium, pKa = 9.7 (blue) 
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mV/pKa unit. Experimental data indicated by blue dots, experimental averages by red 
dots along with associated standard deviation. Acid identities: (1) anilinium, (2) 4-
chloroanilinium, (3) 4-bromoanilinium, (4) 4-trifluoromethoxyanilinium, (5) 4-
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prior to obtaining spectra to reduce scattering arising from the formation of black 
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Figure 2.4 (A) Cyclic voltammogram recorded in an electrolyte only solution using a freshly 
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(blue trace). (B) Rinse test current (blue) and potential (red) of peak E recorded as a 
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Figure 2.6 High resolution XPS spectra of the (A) Co 2p region and (B) S 2p region for 
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All voltammograms collected at 0.2 V s-1 in 0.25 M [NBu4][PF6] acetonitrile and are not 
referenced to Fc+/0. (B) Normalized UV-vis absorbance spectrum of electrolyte solution 
after application of reducing potentials to a 10 cm x 20 cm x 2 cm glassy carbon plate 
that had been soaked in a solution of [Co(bdt)2]- and p-cyanoanilinium for 1 week (blue) 
overlaid with spectrum of 0.25 mM solution of [Co(bdt)2]- in CH3CN (red). (C) UV-vis 
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Figure 2.8 Comparison of rinse test data for of films formed with para-substituted anilinium 
and non-anilinium acids. Working electrodes were pretreated in a solution of 2.5 mM 
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Figure 3.1 (A) Concentration dependence studies for [Ni(PPh2NPh2)2]2+. Cyclic 
voltammograms recorded in a solution of 0.5 mM [Ni(PPh2NPh2)2]2+ (red) contain two 
chemically reversible redox couples. The reversibility of these couples is increasingly 
lost as the concentration is increased up to 2 mM (grey to blue). Voltammograms 
obtained in 0.25 M [NBu4][PF6]  acetonitrile at 0.1 V s-1 and normalized to concentration 
of [Ni(PPh2NPh2)2]2+. (B) Scan rate dependence studies collected in a solution of 3 mM 
[Ni(PPh2NPh2)2]2+. The reversibility of both redox couples is regained as the scan rate is 
increased from 0.1 V s-1 (blue) up to 5 V s-1 (grey to red). Voltammograms obtained in 
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Figure 3.2 (A) Comparison of an experimentally obtained cyclic voltammogram at 10 mM 
[Ni(PPh2NPh2)2]2+ (red) to the theoretical voltammogram that would be obtained in the 
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[NBu4][PF6] acetonitrile during spectroelectrochemistry experiments. Spectra collected 
in the absence of an applied potential (blue), after holding the honeycomb electrode at -
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Figure 3.10 Cyclic voltammograms of 5 mM [Ni(PPh2NPh2)2]2+ with 0.1 mM ferrocene after a 5 
second induction period at a resting potential of -1.5 V. Scan rate varied from 0.05 (red) 
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Voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile and have been normalized 
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Figure 4.1 Simulated RDE voltammograms for an ECEC′ catalytic mechanism utilizing the 
Hale transformation approach (dotted lines) and the Nernst Diffusion Layer 
approximation approach (solid lines). Here γ = 1.5, and dimensionless rate parameters 
for both models were equal. Voltammograms were collected at log(λ) values of -2 (dark 
purple), 0 (dark blue), 2 (light blue), 4 (green), 6 (light orange), and 8 (dark red) 
corresponding to the transition between no observed catalysis to total catalysis. 
Simulations generated using custom MATLAB scripts. Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
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Figure 4.2 Simulated ECEC′ RDE waveforms displaying the effects of electron transfer 
kinetics on both the shape and half-wave potential in the total catalysis regime. Split 
wave voltammograms are observed in simulations modelling Nernstian electron transfer 
kinetics (red, log[ks] = 3), as anticipated for a voltammogram in the total catalysis 
regime. As electron transfer kinetics become increasingly slow, the distinction between 
the split-wave is lost and the potential for the features shifts to more negative potentials. 
RDE voltammograms depicting non-Nernstian electron transfer collected with log(ks) 
values of -6 (blue), -3 (green), and -1 (orange). The excess parameter, 𝛾, was set to 1.5 
and log(λ) for both chemical steps set to 7 to simulate total catalysis. Simulations 
generated using custom MATLAB scripts. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
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Figure 4.3 Simulated RDE voltammograms illustrating parameters that govern the shape of 
the voltammogram for an ECEC′ catalytic reaction where the second electron transfer is 
more thermodynamically favorable, the first chemical step is not rate limiting, and 
Nernstian electron transfer kinetics are operative. Simulated voltammogram for the one-
electron redox couple of the catalyst (E1/2 = 0 V) in the absence of substrate shown in 
grey. Catalytic RDE voltammograms show that changing the potential difference 
between E1 and E2, the k1/k2 ratio, and/or λ1 while keeping γ (𝐶𝑃0 = 0.001 M; 𝐶𝐴0 = 0.1 
M) and λ2 constant (k2 = 10 M s-1; ω = 100 rad sec-1) leads to drastic deviations in the 
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Electron transfers were set at kS = 1x105 cm s-1 with α = 0.5, respectively, scan rate as 
0.001 V s-1, diffusion coefficients of all species as 1x10-5 cm2 s-1, and kinematic 
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Figure 4.9 (A) RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of 
acid (grey) and in the presence of 0.5 mM 4-methoxyanilinium at rotation rates of 42 
(red), 94 (orange), 128 (yellow), 168 (green), 212 (light blue), and 262 rad sec-1 (blue) 
with the vertical axis converted to dimensionless current. Voltammograms obtained in 
0.25 M [NBu4][PF6] acetonitrile at 0.01 V s-1. (B) Plots of θ1/2 vs ln[ω1/2] for 
voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 0.5 mM 4-
methoxyanilinium are linear in the rotation rate range 94-262 rad sec-1 where 𝛹∞ 
values ranged from 1.06 to 1.04. Experimental data points are denoted by blue circles 
and the linear fit of the five fastest rotation rates (94-262 rad sec-1) shown as a blue 
dashed line. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 
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voltammograms were recorded at each rotation rate – first (solid line) and third (dashed 
line) voltammograms are shown, second voltammogram omitted for clarity. RDE 
voltammograms recorded at 0.005 V s-1 in 0.25 mM [NBu4][PF6] acetonitrile and OCP 
measurements were collected between voltammograms. Stationary voltammogram 
(grey trace) collected at 0.05 V s-1 prior to RDE trials. Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
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Figure 4.11 Data extracted from RDE voltammograms and OCP measurements obtained in 
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𝑡: time (s) 
𝑣(𝑥): solution velocity (cm s-1) 
𝑥: distance orthogonal to the electrode surface (cm) 
𝑧𝑠𝑝𝑒𝑐𝑖𝑒𝑠: charge of the species in the subscript 
Greek Letters 
𝛼: transfer coefficient 
𝛾: excess factor, for catalytic reactions with a homogeneous catalyst and substrate  𝛾 = 𝐶𝐴
0 𝐶𝑃
0⁄  




0: amount of adsorbed substrate  
Γ𝐴
𝑓𝑖𝑛𝑎𝑙




0⁄ : percent of material consumed during the course of the scan 
 
𝛿: thickness of diffusion layer, for rotating disc electrode voltammetry 𝛿 = 1.61𝐷1 3⁄ 𝜈1 6⁄ 𝜔−1 2⁄  (cm) 
     in stationary cyclic voltammetry 𝛿 = (𝐷𝑅𝑇/𝐹𝜐)1 2⁄  (cm) 
Θ: fractional coverage of the electrode 
𝜃: dimensionless potential scale, 𝜃 = −(𝑓)(𝐸 − 𝐸𝑐𝑜𝑢𝑝𝑙𝑒
0′ ) 
𝜃1 2⁄ : dimensionless half-wave potential, 𝜃1/2 = −(𝑓)(𝐸1 2⁄ − 𝐸𝑐𝑜𝑢𝑝𝑙𝑒
0′ ) 
𝜃𝑐𝑎𝑡 2⁄ : dimensionless FOWA potential, 𝜃𝑐𝑎𝑡/2 = −(𝑓)(𝐸 − 𝐸𝑐𝑎𝑡/2) 
𝜃𝑛: dimensionless potential for the nth electron transfer, 𝜃 = −(𝑓)(𝐸 − 𝐸𝑐𝑜𝑢𝑝𝑙𝑒
0′ ) 
𝜆: dimensionless kinetic parameter, 𝜆 = (𝛿 𝜇⁄ )2 





𝜏: dimensionless time parameter  
𝜇: thickness of reaction-diffusion layer, 𝜇 = (𝐷𝑐𝑎𝑡 𝑘⁄ )
1/2 (cm) 
𝜈: kinematic viscosity (cm s-1) 
𝜐: scan rate (V s-1) 
𝜙: electrical potential 
𝜑: Azimuthal angle measured from the center of the rotating disk (rad) 
Ψ: dimensionless current, for rotating disc electrode voltammetry Ψ = 𝑖 𝑖𝑙⁄  
      in stationary cyclic voltammetry Ψ = 𝑖 𝑖𝑝⁄  
Ψ∞: dimensionless plateau current, for rotating disc electrode voltammetry Ψ∞ = 𝑖𝑝𝑙 𝑖𝑙⁄  
          in stationary cyclic voltammetry Ψ∞ = 𝑖𝑝𝑙 𝑖𝑝⁄  
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Climate change presents a growing challenge to human health and safety, quality of life, and 
economic development and has been implicated in problems as diverse as beer shortages and increased 
risk of terrorism.1–5 Mitigating the most dire consequences of climate change requires rapidly and drastically 
reducing greenhouse gas emissions by shifting our energy portfolio from fossil fuels to renewable energy 
sources.6 Towards this goal, significant research has focused on improving methods for capturing energy 
from renewable sources and converting this energy into a storable and transportable form.7,8 While energy 
harvesting technology is approaching broad-scale feasibility, energy storage remains a significant 
bottleneck.9 A promising storage strategy uses renewable energy to power electrochemical reactions which 
generate energy-rich fuels (e.g. H2, CH3OH) from energy-poor precursors (e.g. H2O, CO2).10 However, 
selectively and efficiently enacting these transformations is nontrivial as they are complex multi-electron, 
multi-proton processes with high-energy intermediates and multiple possible reaction pathways.  
Catalysis is key to the long-term commercial viability of these electrochemical fuel-forming 
processes. By increasing the rate of chemical transformations and enhancing the yield of desired products, 
catalysts enable more efficient conversion of energy into chemical bonds by reducing the required energy 
inputs, the number of processing steps, and unwanted by-products. Molecular catalysts based on earth-
abundant transition metals – which can be freely diffusing in solution (homogeneous) or tethered to an 
electrode surface (heterogeneous) – have garnered considerable interest as their properties and activity 
can be tuned through ligand design.7 Decades of research have resulted in a large number and diversity of 
catalytic systems. Despite the wealth of available catalysts, limitations in their activity, selectivity, and/or 
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stability restrict their use in commercial operations and have stymied the application of molecular catalysis 
to more challenging fuel-forming electrochemical reactions.  
Intelligently improving these systems requires a deep understanding of the factors that dictate 
catalytic properties, information which can be derived from experimental and computational analysis of 
reaction mechanisms.11,12 Critical to this understanding is the ability to characterize the catalyst under 
operating conditions under an applied potential while current is flowing which can be achieved via a number 
of electrochemical techniques.13,14 Of these methods, cyclic voltammetry has proven one of the most 
popular for analysis of homogeneous catalysts. Fueling this popularity is the large time window for data 
collection which facilitates kinetic characterization of fast processes, the relative affordability of the 
equipment, and the availability of increasingly sophisticated models for the quantitative interpretation of 
voltammograms which can account for and provide insight into a growing number of kinetic, 
thermodynamic, and mechanistic factors.13,15–21  
Even with these advancements, accurately evaluating catalyst properties remains a fundamental 
challenge which warrants major improvements in characterization methods and their associated analytical 
frameworks. For one, stringent conditions must be met for these tools to be applied correctly, greatly limiting 
the number of systems from which accurate information can be gleaned. Even when these conditions are 
met, electrochemical measurements are often convoluted by a suite of extrinsic factors (ex. cell geometry, 
electrode roughness, etc.) which can hinder accurate comparisons of different catalytic systems. 
Furthermore, while the last few decades have seen major improvements in electroanalytical frameworks 
for evaluating catalytic activity and selectivity, the utility of cyclic voltammetry as a means of identifying and 
diagnosing side reactivity has often been overlooked. Finally, there remains an outstanding need for 
advanced characterization techniques which can couple electrochemical characterization with real-time 
detection of products or reactive intermediates.22  
1.1 Fundamentals of Electrochemical Analysis of Redox Reactions 
1.1.1 Mass Transfer 
Mass transfer to an electrode is governed by the Nernst-Planck equation which can be written for 









+ Cjv(x) (1.1.1) 
where flux Jj(x) is the flux of species j at a distance x from the surface. The three terms on the right-hand 
side of equation 1.1.1 represent the contributions to the mass transfer flux Jj(x) from diffusion, migration, 
and convection, respectively. A diffusional process is the result of the flow of species due to a concentration 
gradient. Migration corresponds to movement of a charged particle in response to an electric field. 
Convection results in hydrodynamic transport of material which can arise due to density gradients (natural 
convection) or due to deliberate stirring or agitation of the solution (forced convection).  
Mathematical modelling of an electrochemical response is incredibly difficult if all three modes of 
mass transfer are operative. As such, experimental conditions are designed to minimize the contribution of 
one or more components. Migration is generally suppressed through the use of a large electrolyte 
concentration. Electrochemical experiments collected under stationary conditions are designed to suppress 
convection, for example by avoiding stirring of the solution (mitigating forced convection) and using shorter 
experimental timescales (mitigating natural convection), such that diffusion is the dominant mode of mass 
transfer. For hydrodynamic techniques which use forced convection to establish a well-defined flow pattern, 
convection is the dominant form of mass transfer expect spatially close to the electrode where diffusion 
always dominates.  
1.1.2 Overview of Potential Sweep Methods: Cyclic Voltammetry and Linear Sweep Voltammetry  
Cyclic voltammetry (CV) is a stationary electrochemical technique which is typically performed in a 
three-electrode cell comprised of a working electrode, counter electrode, and reference electrode.9–12 In 
these experiments, the potential applied to the working electrode (E) is linearly varied and the resulting 
current (i) is recorded as a function of potential to generate a voltammogram (current-potential curve). 
Cathodic or reductive current involves the flow of electrons from the electrode to the chemical species (i.e., 
reduction of the analyte) while anodic current refers to the flow of electrons from the chemical species into 
the electrode (i.e., oxidation of the analyte).  
Cyclic voltammetry is a sweep reversal method in which the applied potential is linearly scanned 
from an initial potential (Ei) to a switching potential (Eλ) at which point the scan direction is reversed and 
the potential is swept to another predetermined value (Ef). The scan rate (υ) parameter allows the timescale 
4 
 
of the voltammogram – i.e. the “time” taken to scan from potential Ei to Eλ and back to Ef – to be modulated. 
The timescale, which can be approximated as 
RT
Fυ
, is inversely proportional to scan rate: slower scan rates 
lead to longer experimental timescales. A variant of this is linear sweep voltammetry (LSV) in which the 
potential is scanned between two potentials without reversing the sweep direction.  
1.1.3 Fundamentals of Voltammetry: Electron Transfer to a Homogeneous Analyte 
For the one-electron reduction of a homogeneous species P to Q, the canonical duck-shaped cyclic 
voltammogram (Figure 1.1) will be observed when electron transfer is electrochemically reversible.  
P + e- ⇌ Q  
An electron transfer is considered electrochemically reversible when the heterogeneous electron transfer 
rate constant ks (i.e., rate of electron transfer to/from the electrode from/to the redox species) between the 
electrode and analyte is rapid enough to maintain the equilibrium ratio defined by the Nernst equation 
(equation 1.1.2) at the electrode surface: 







where CP and CQ are the concentration of P and Q at the electrode surface, Eo′ is the formal reduction 
potential at which CP and CQ are equal, and n is the number of electrons. As cyclic voltammetry is a non-
destructive technique, only the layer of reactants near the electrode surface (within the diffusion layer) is 
altered, leaving the composition of the bulk solution unchanged. 
During a potential sweep, the ratio of CP and CQ at the electrode surface adjusts according to the 
Nernst Equation. At potentials sufficiently positive of Eo′, P is nominally the only species in solution (bulk 
and near the electrode). As the potential is swept negative, an increase in cathodic current is observed as 
P is reduced at the electrode surface. This electrolysis increasingly depletes the concentration of P in the 
diffusion layer, leading to a build-up of the reduced Q and generating a concentration gradient. Species P 
must then diffuse to the electrode surface from the bulk solution before further reduction can occur. This 
substrate depletion results in a cathodic peak with a current ip,c at a potential Ep,c followed by a diffusional 
tail (Figure 1.1). At potentials negative of Ep,c, the current is controlled by the rate of diffusion of P to the 
electrode across the growing diffusion layer. At the switching potential, the direction of the scan is reversed 
and, once sufficiently positive potentials are reached in this anodic scan, the Q that has accumulated at the 
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electrode surface is oxidized such that an anodic current is observed, whose magnitude is greatest at a 
potential Ep,a. The anodic peak is the result of the same fundamental principles that dictate the cathodic 
peak. For a homogeneous redox couple, the magnitude of both the cathodic and anodic peak (after 




Figure 1.1 Cyclic voltammogram for the reversible, one-electron reduction of a diffusional species. As the 
potential is scanned in the negative direction, reduction of the analyte results in a cathodic current which 
peaks at a potential Ep,c with a current ip,c. The formal reduction potential (Eo′) is denoted by the dashed 
green line. As commonly employed, the non-IUPAC convention for potential and current axes is used 
throughout this manuscript.  
When heterogeneous electron transfer is slow relative to mass transport, the redox equilibrium 
defined by the Nernst equation will not be maintained and the redox couple is no longer electrochemically 
reversible.24 In stationary cyclic voltammetry, the rate of mass transport is controlled by the thickness of the 
diffusion layer. At a fixed concentration of analyte, a thinner diffusion layer will result in greater diffusional 





where D is the diffusion coefficient and δ is the thickness of the diffusion layer which can be generically 




general condition underpinning electrochemically reversibility can thus be succinctly summarized as: 
𝑘s ≫ mT electrochemically reversible electron transfer  
𝑘s ≪ mT electrochemically irreversible electron transfer  
The slower electron transfer is relative to mass transport, the more negative (in the case of 
reduction) or positive (in the case of oxidation) the potential that must be applied potential for current to 
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flow. This will manifest as an increase in the peak-to-peak separation of the redox couple (ΔEp = Ep,a - Ep,c) 
(Figure 1.2).14 Electrochemically irreversibility can be easily identified by evaluating ΔEp as a function of υ. 
As scan rate affords control over the δ which, in turn, controls mT, electrochemical irreversibility will be 
favored as scan rate is increased. A defining characteristic of a fully reversible wave is a peak-to-peak 
separation of 57 mV at 25 ⁰C which is invariant to scan rate. A redox couple with peaks that shift farther 
apart with increasing scan rate is quasi-reversible. An electrochemically irreversible couple will have no 
parts of the anodic and cathodic peak overlapping on the potential axis.26 
 
Figure 1.2 Example of the impact of heterogeneous electron transfer kinetics on a one-electron redox 
couple. A fully reversible redox couple with a ΔEp of 57 mV is observed with a ks value of 10000 cm s-1 
(grey). Peak-to-peak separation increases for ks values of 0.01 (red) and 0.001 (blue) cm s-1. Scan rate for 
all voltammograms set to 0.1 V s-1, electron transfers with α = 0.5, and diffusion coefficients of all species 
as 1 x 10-5 cm2 s-1. Simulated using DigiElch 8. 
1.1.4 Coupled Homogeneous Chemical Reactions 
 Cyclic voltammetry is frequently used to study electrochemical mechanisms in which an electron 
transfer is coupled with a purely chemical reaction. In classical electrochemical nomenclature, 
heterogeneous electron transfers to or from the electrode are denoted as electrochemical (E) steps while 
coupled chemical transformations are denoted as chemical (C) steps. Additional subscripts may be used 
to denote the reversibility (r) or irreversibility (i) of the chemical or electrochemical steps as well as the 
reaction order of the chemical step. When considering catalytic mechanisms, the ′ symbol denotes catalytic 
turnover. For example, a one-electron, one-substrate catalytic reaction is denoted as EC′. A multi-step 
mechanism can then be denoted by a series of letters – for example, in an ECE mechanism electron transfer 
is followed by a chemical step and the product of this chemical step undergoes a second electron transfer 
at the electrode surface. 
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The exact impact of this follow-up chemical reaction on electrochemical data will depend on the 
mechanism and kinetics of the reaction as well as the timescale of the experiment. In all cases, a process 
can be considered chemically reversible when the kinetics of the chemical reaction are slow relative to the 
experimental timescale. As scan rate is inversely proportional to the timescale of the experiment, 
decreasing scan rate will increase the amount of time available for the chemical reaction to proceed, thereby 
increasing the degree of chemical irreversibility.  
Take, for example, an ErCi reaction mechanism in which a Nernstian electron transfer is followed 
by a single irreversible chemical reaction. The ensuing discussion is for a reductive process, however the 
same concepts can be readily transposed to oxidative processes. 




A second defining characteristic of a fully reversible redox couple is a peak current ratio (ip,a/ip,c) of 1. When 
the reactions kinetics are slow relative to the experimental timescale, the homogeneous chemical reaction 
will have no appreciable impact on the shape of the voltammogram. As the rate constant for the chemical 
reaction (ke) increases or the scan rate decreases, more of the reduced species is consumed by the 
chemical reaction and less is available for reduction at the electrode surface resulting in a decrease in ip,a 
with no commensurate impact on ip,c (Figure 1.3). Eventually the return feature will be completely lost, 
corresponding to the transition to complete chemical irreversibility. For very fast rate constants, the peak 
potential (Ep,c) will of this wave will even be affected, a process discussed further in section 1.2.4. 
 
Figure 1.3 Example of chemical irreversibility for an ErCi reaction with a ke value of 0 (grey), 0.01 (red), 0.2, 
(green), and 1 s-1 (blue). A scan rate of 0.1 V s-1 used for all voltammograms. Electron transfers were set 
as 10000 cm s-1 with α = 0.5, species P concentration as 1 mM, and diffusion coefficients of all species as 
1 x 10-5 cm2 s-1. Simulated using DigiElch 8. 
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1.1.5 Overview of Potential Step Methods 
Potential steps methods, such as chronoamperometry (CA), are another powerful means of 
electrochemical analysis. In a chronoamperometry experiment, the applied electrode potential is stepped 
from a voltage where no redox events occur to a potential where the electrode reaction of interest is taking 
place. The resulting current is then measured as a function of time. Again considering the one-electron 
reduction of homogeneous species P to Q , stepping to sufficiently negative potentials (i.e., potentials where 
the concentration of P at the electrode surface is essentially null), a diffusion-controlled current is obtained 
which initially spikes due to currents associated with double layer charging before exhibiting a decay 









An important caveat for diffusion-controlled chronoamperometry experiments is that at longer experimental 
timescales (t > 10-20 seconds after the potential step) convective mass transport can elevate the current 
relative to theoretical models based on diffusion-limited mass transport.13 
1.2 Evaluation of Molecular Catalysts for Electrochemical Reactions via Cyclic Voltammetry 
In the absence of substrate – such as protons, H2O, or CO2 – a molecular electrocatalyst has its 
own redox events. Upon substrate addition, one of these redox events – an oxidation or reduction – can 
become the trigger for catalysis. 27–29 Alternatively, the substrate can first interact with the catalyst in a 
chemical step. In this case, one of the redox events of the substrate-catalyst adduct will trigger ecatalysis.30 
The exact impact of catalysis will vary depending on the experimental parameters, intrinsic properties of 
the catalyst, and the operative catalytic mechanism(s). 
The simplest catalytic reaction is the one-electron, one-substrate EC′ mechanism. Once again, 
while the ensuing discussion is for a reductive process, these concepts can be transposed to oxidative 
processes. In the EC′ mechanism, the one-electron reduction of substrate A to B is catalyzed by the 
molecular catalyst P and the rate-limiting step is the homogenous electron transfer from the reduced 
catalyst Q to the substrate A, which proceeds with rate constant ke: 
P + e- ⇌ Q  
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𝑄 + 𝐴 
𝑘𝑒
→  𝑃 + 𝐵 
Most catalytic mechanisms pertinent to fuel-forming processes are more complex, multi-step reactions. In 
some cases, multiple competing reaction mechanisms may be operative with the dominant pathway varying 
based on experimental parameters.29,31–34 These various pathways can still be described by the E, C 
nomenclature discussed above. However, a number of additional factors must be carefully considered when 
evaluating the operative reaction mechanism(s) for multi-electron, multi-step catalytic reactions:17,18,35,36 
(1) Is the process homolytic or heterolytic? 
(2) What is the relative sequence of electron transfer steps and chemical steps (C)? Do the electron 
transfer steps occur at the electrode (E) or in solution (E′)? 
(3) What is the rate-limiting chemical step? 
(4) Is the first or second electron transfer more thermodynamically difficult? 
This section discusses the fundamental chemical reactivity underpinning the catalytic waveform in the 
context of an EC′ reaction scheme, introduces relevant analytical tools for quantifying the kinetics of 
elementary reaction steps, and highlights cases where these tools have been extended to the more 
complex multi-step pathways pertinent to fuel-forming reactions. 
1.2.1 Dimensionless Parameters for an EC′ Catalytic Responses 
Theoretical treatment of the EC′ mechanism was first reported by Savéant and coworkers over 30 
years ago.37,38 In this work, the limiting catalytic waveforms were identified and classified into eight zones. 
The exact shape of an EC′ catalytic voltammogram will depend (in the absence of side phenomena such 
as catalyst deactivation) on two factors: (1) the degree of substrate consumption at the electrode surface 
and (2) whether pure kinetic conditions are achieved.25 The degree of substrate consumption refers to how 
the concentration of substrate in the reaction-diffusion layer at the electrode surface varies relative to the 
bulk solution. Substrate consumption can be considered absent if substrate depletion at the electrode is so 
negligible that the two concentrations can be considered equivalent over the course of the scan. Under 
these conditions, the current response will not be limited by mass transport. Pure kinetic conditions entail 
that the concentration profile of the two forms of the catalyst couple are confined within a thin reaction-
diffusion layer that is far narrower than the diffusion layer.15 This condition requires the catalytic reaction to 
be rapid relative to diffusion.39  
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Two dimensionless parameters govern the catalytic response, the substrate-to-catalyst excess 














The kinetic zone diagram arranges the eight limiting catalytic responses on a two-dimensional plot of λ vs 
ϒ which shows how varying 𝐶𝐴
0, 𝐶𝑃
0, ke, and υ will shift the waveform between zones (Figure 1.4).15,25 The 
abilitiy to intelligently modulate the catalytic response by tuning experimental parameters is particularly 
important given that analytical frameworks for interpreting catalytic responses can only be rigorously applied 
when certain criteria related to substrate consumption and/or pure kinetic conditions are met.11 
 
Figure 1.4 Kinetic zone diagram for a catalytic EC′ mechanism. The kinetic zone diagram pictorially 
describes the expected voltammetric responses for an EC′ mechanism. The compass rose depicts the 
parameters that can be changed to tune λ and γ in order to move between these zones which include the 
initial concentration of catalyst (𝐶𝑃
0), the initial concentration of substrate (𝐶𝐴
0), scan rate (υ), and the rate 
constant for homogenous electron transfer from the reduced catalyst to the substrate (ke).   
1.2.2 Plateau Current Analysis 
When pure kinetic conditions are operative and substrate consumption is negligible (something 
achieved with large values of γ and relatively small values of λ), the current–potential response will 
represent the kinetic current in the absence of mass-transfer effects (Figure 1.4, zone KS). This steady-
state catalytic response is S-shaped, with the forward and backward trace of the cyclic voltammogram fully 
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superimposable. For this S-shaped voltammogram, the plateau current is independent of scan rate and 
governed solely by the kinetic parameters of the system: the regeneration of the oxidized form the of catalyst 
P through the catalytic cycle dictates the plateau current.40–42  
Frameworks for interpreting kinetic information from the plateau current as well as the half-wave 
potential of steady-state catalytic responses have been rigorously derived for the EC′ reaction as well as a 
variety of two-electron, two-step reaction schemes.36 In all cases, kobs is determined directly from the 




where n′ is the number of electrons transfers that occur directly at the electrode during catalytic 
turnover.25,36,43 In the case of the multi-step catalytic processes, the exact rate constant reflected by kobs will 
vary by mechanism and may reflect a convolution of elementary steps.36,44  
 It is common to divide the catalytic plateau current by the peak current of the catalyst redox couple 
in the absence of substrate (ip) (equation 1.1.3). This normalization trick precludes the need to measure the 










1.2.3 Foot-of-the-Wave Analysis 
Hypothetically, judicious tuning of experimental parameters per the kinetic zone diagram (Figure 
1.4) should afford access to zone KS. However, for some catalysts it may be difficult or impossible to 
achieve the S-shaped, scan-rate independent voltammetric response required to extract kinetic information 
from the plateau current. In some cases, competing side phenomena such as substrate consumption, 
catalyst deactivation, and production inhibition can result in a peak-shaped voltammetric response instead 
of a plateau, such as those observed in zone K.45,46 Thankfully, the excellent progress made over the past 
decade towards modelling and extracting figures of merit from cyclic voltammograms now allows kinetic 
information to be derived even when competing side phenomena make access to the idealized kinetic 
current impractical or impossible. Foot-of-the-wave analysis (FOWA), developed by Savéant and Costentin, 
provides a means of extracting kinetic and mechanistic information from non-ideal cyclic voltammograms 
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by using the foot of the wave, where the impact of side phenomena are minimized, to extrapolate the plateau 
current of the idealized, steady-state catalytic response.36,44–50 Kinetic information is typically restricted to 
the first chemical step of a multi-electron, multi-substrate reaction which, when rate limiting, equals 
kobs.25,36,44 It should be noted that the values of kobs obtained from FOWA are overestimations of the rate 
constants observed via bulk electrolysis because rate constants derived from FOWA reflect the theoretical 
scenario in which no side phenomena are operative. 
FOWA derives the observed rate constant (kobs) from the ratio of experimental catalytic currents (ic) 
to peak current in the absence of substrate (ip) as a function of the applied potential, 















where ipl is the mathematical expression describing the idealized catalytic plateau current and Ecat/2 is the 
potential at which half the catalytic current is reached. For multi-step catalytic reactions, the ipl term will vary 
by mechanism.25,36,44 To perform FOWA, cyclic voltammograms are collected in the absence and presence 









 is constructed. In the linear portion of the plot, the 
voltammetric response overlays with the idealized S-shape catalytic response and has a slope of 𝑖𝑝𝑙 𝑖𝑝⁄ , 
from which kobs can be extracted.  
Despite its utility, a number of limitations hinder the universal application of FOWA. In some 
systems, deviations from ideality begin at the onset of the wave resulting in a nonlinear FOWA plot, thereby 
precluding the use of FOWA.51 Recent in silico work has shown that for two-step reactions, the accuracy of 
the kinetic value is sensitive to the relative rates of the two chemical steps as well as the difference in 
potential for the two electron transfers.17 Another limitation is that the catalytic mechanism must be known 
prior to analysis because the mathematical equations for ipl and Ecat/2 are mechanism dependent.36 This 
condition can be particularly limiting when the reaction can proceed via competing reaction pathways. In 
these cases, it is necessary to isolate one of the reaction pathways before FOWA can be accurately 
applied.33 It is worth noting that recent reports have shown how FOWA can provide mechanistic insight.17 
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1.2.4 Peak Shift Analysis 
Peak shift analysis can provide valuable kinetic information about a coupled chemical step for both 
catalytic and non-catalytic systems. For a non-catalytic EC mechanism under pure kinetic conditions, the 
anodic peak of the reversible redox couple will be lost and the cathodic peak will shift to more positive 
potentials as the reaction kinetics become increasingly fast relative to scan rate. Under these conditions, 
the small amount of product generated at potentials positive of the normal redox couple is rapidly 
consumed. To maintain the redox equilibrium described by the Nernst equation (equation 1.1.2), more Q is 
generated at these positive potentials to compensate for the consumed material. This culminates in a shift 
of the cathodic wave to more positive potentials, the magnitude of which is directly influenced by the kinetics 















For an EC′ catalytic reaction under pure kinetic conditions, a two-peaked waveform reflecting total 
catalysis (Figure 1.4, zone KT2) will be observed when the degree of substrate consumption is so large 
that diffusion of substrate toward the electrode from the bulk solution becomes rate limiting (achieved when 
λ is large and γ is small).15,55–57 Under these conditions, the kinetics of the homogeneous reaction are so 
fast and the amount of available substrate so relatively small that the fraction of reduced catalyst formed at 
the onset of the redox wave consumes all available substrate within the reaction-diffusion layer resulting in 
a peak-shaped catalytic wave at potentials positive of the catalyst’s redox couple. As catalytic turnover is 
complete at potentials positive of the catalyst’s redox couple, the reversible P/Q wave is observed at its 
typical redox couple. A peak shift expression can be formulated to extract ke, where 𝑘𝑜𝑏𝑠 = 𝑘𝑒𝐶𝐴
0, from the 
Ep,c of the substrate-diffusion-controlled catalytic wave which now depends on 𝐶𝐴
0, 𝐶𝑃

















Recently, peak shift analysis has been empirically and analytically extended to two-step, two-electron 
catalytic processes pertinent to H2 evolution catalysis.11,28,35 
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1.3 Solubility Changes During Electrochemical Trials 
Homogeneous transition metal complexes do not always remain homogeneous under experimental 
conditions, instead aggregating in solution and depositing on the electrode surface. In certain cases, these 
adsorption processes can be beneficial, for example by providing a facile strategy for immobilizing 
molecular catalysts.58–61 More often, these solubility changes are a major challenge which greatly 
convolutes the analysis of electrochemical data. This is particularly true when evaluating molecular 
transition metal catalysts as their inherent fragility renders them prone to degradation or other side reactions 
when exposed to catalytic conditions.62–64  Under reducing conditions, the addition of electrons to a metal 
complex can increase ligand lability or promote ligand saturation (alkylation, carboxylation, hydrogenation, 
etc.), ultimately leading to demetallation.33,52,65  Meanwhile, the extreme oxidizing potentials required for 
transformations such as electrochemical H2O oxidation are also capable of triggering destructive ligand 
oxidation. 66–70  In some cases, molecular “catalysts” are revealed to be pre-catalysts, undergoing chemical 
transformations to form heterogeneous electroactive species that are often no longer molecular in 
nature.52,63,71 In other cases, one (or more) of the catalytic intermediates has limited solubility in the solvent 
of interest and will aggregate and adhere to the electrode surface while maintaining the integrity of their 
molecular core.29,34 In all these examples, the interplay between homogeneous complexes and surface-
adsorbed films has important ramifications on benchmarking their activity appropriately.15,18 However, little 
is known about the parameters that govern electrochemical deposition of heterogeneous materials or the 
mechanisms by which molecular precursors transform into surface-adsorbed species.52 This limited 
understanding hinders our ability to circumvent unwanted deposition, to control the structure of 
advantageous deposited catalysts, and to reverse the adsorption process.  
1.3.1 Modification of the Electrode Properties upon Deposition 
Irreproducibility from scan to scan can be a frustrating part of cyclic voltammetry – why should the 
same solution and same electrode give different responses in subsequent scans after stirring?  As cyclic 
voltammetry is a non-destructive technique, collecting multiple scans of a homogeneous redox-active 
species with the same electrode should yield identical results, assuming the diffusion layer is refreshed 
between scans. Irreproducibility from scan to scan will be observed if the deposition of heterogeneous 
materials during the electrochemical trials modifies the properties of the electrode, resulting in changes to 
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the electroactive surface area or electron transfer kinetics (other sources of irreproducibility may be 
operative when studying catalytic reactions as discussed in section 1.3.2).48,62,72,73 The changes have 
important implications for the analysis of electrochemical data as electroanalytical tools generally assume 
that the properties of the electrode are invariant during data collection. 
One example of this type of reactivity are self-inhibiting reactions which lead to electrode 
passivation.72 In the simplest self-inhibiting electrochemical mechanism, the redox product generated upon 
electron transfer deposits as an inert material which blocks further electron transfer.  
P + e− ⇄ Q 
Q → inhibiting film 
The influence of these inhibiting materials on electrode properties depends on the geometry of the blocking 
layer, specifically the size of the blocking islands and the area of exposed, electroactive electrode between 
these inert deposits.13,24,74 The two most extreme cases occur when both the electroactive area and 
blocking islands are both either very small or very large (dimensions that are on the same order of 
magnitude as the diffusion layer). In the first case, the spacing between the electroactive zones is now so 
small that the heterogeneous surface behaves like an unblocked electrode of the same size with an 
apparent heterogeneous electron transfer rate constant equal to (𝟏 − 𝚯)𝒌𝒔, where 𝚯 is the faction of the 
surface covered with blocking islands.74 In the second extreme, the area covered by surface deposits is 
considered totally inhibited toward further electron transfer and the observed current is reduced by a factor 
of (𝟏 − 𝚯).72  
1.3.2 Identifying Electrodeposition Under Catalytic Conditions 
When evaluating the catalytic competency of a transition metal complex, identifying 
heterogenization – either in the form of a precatalyst transformation or precipitation of catalytic 
intermediates – is critical for appropriate application of benchmarking tools. Strict conditions must be met 
for the electrochemical tools described in section 1.2 to be correctly applied and the question of 
whether a catalyst is homogeneous or heterogeneous has important ramifications when 
interpreting electroanalytical data. While there is a wealth of literature discussing how to extract kinetic 
and mechanistic information from cyclic voltammograms,15,25,46 there is comparatively little discussion of 
the utility of cyclic voltammetry for identifying heterogenization reactions. However, there are many 
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qualitative signs that indicate that reactivity more complex than catalysis alone is taking place, which are 
summarized in (Figure 1.5).63,75 
 
Figure 1.5 Qualitative signs of catalyst transformation or decomposition in cyclic voltammetry. Lee, K. J.; 
McCarthy, B. D.; Dempsey, J. L., Chem. Soc. Rev., 2019, 48, 2927-2945 – Reproduced by permission of 
The Royal Society of Chemistry. 
Often it is deviations from the ‘normal’ catalytic waveforms that are critical diagnostic tools. We put 
normal in quotation marks here because electrocatalytic waves can assume a variety of shapes depending 
on experimental parameters (e.g., substrate concentration) and the intrinsic properties of the catalyst (e.g., 
kinetic parameters). While the possible catalytic waveforms have been rigorously derived for a EC′ catalytic 
mechanism (Figure 1.4), it has recently been recognized that the traditional zones are not necessarily 
directly translatable to more complex, multi-electron catalytic systems. Experimental work extending the 
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kinetic zone diagram to catalytic hydrogen evolution by a cobaloxime catalyst found that, though qualitative 
parallels exist for each of the classic zones, some deviations in waveforms arise due to electrochemically 
active reaction intermediates and multiple elementary step rate constants.27 Consequently, it should be 
kept in mind that what constitutes a ‘normal’ waveform (and so what counts as a ‘deviation’) is mechanism 
dependent. Even with this nuance, these heterogenization pathways still have a number of voltammetric 
calling cards. 
Irreproducibility | Irreproducible reaction kinetics are strong evidence for precatalyst transformation as the 
kinetic parameters associated with formation of the active catalyst may be complex enough to give wild 
variation from scan-to-scan. This is particularly true if the active catalyst is actually heterogeneous, or has 
a heterogeneous intermediate, as nucleation in solution or on an electrode surface is extremely difficult to 
control between experiments.75–77 This can lead to sizable fluctuations in the size and amount of 
heterogeneous catalytic particles generated during the cyclic voltammogram.78 As the potential and 
magnitude of the catalytic wave depends on how much catalyst has formed at that point in the scan, these 
fluctuations can lead to significant variation between scans. Observed catalytic rate constants will likely 
differ between different sizes of heterogeneous catalytic particles and film thicknesses, leading to further 
variability in the waveform.79–81 Importantly, this type of irreproducibility may be missed during preparative-
scale experiments run at potentials significantly more negative than the catalytic wave.63,82 
As discussed in section 1.3.2, variability from scan to scan can arise from multiple sources. Even 
under catalytic conditions, irreproducibility may not be the result of precatalyst transformation. In some 
cases, the electrode is simply modified or passivated during electrocatalysis by a non-catalytic species, 
resulting in changes to the electrode properties.83 For example, electrochemical reduction of Brønsted acids 
by glassy carbon electrodes can generate an insulating film which decreases the heterogeneous 
electrochemical rate constant and leads to wild variability when the same working electrode is used without 
intermittent polishing.48,73 
Unexpected Diffusional Features | For an EC′ reaction, the return feature for the redox-triggering event 
will only be observed on the reverse scan when there is a build-up of reduced or oxidized catalyst (the 
result of slow reaction rate constants) or complete consumption of substrate (the result of fast reaction rate 
constants, low substrate concentration) (Figure 1.4).37 An unexpected diffusion-controlled (generally 
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asymmetric) peak indicates a new homogeneous species was generated during catalysis. For multi-
electron catalytic systems, additional return features can provide information on the buildup of catalytic 
intermediates, such as the oxidation of metal hydride intermediates in H2 evolution catalysis.28 This peak 
could also be the result of oxidation or reduction a by-product of precatalyst decomposition. 
Unexpected Symmetric Peak | Symmetric waves are highly suggestive of redox events arising from 
surface-adsorbed species.84 If a new and suspiciously symmetric peak is observed, scan rate (υ) analysis 
of the background-subtracted peak current can provide a second test for the phase of the species: the peak 
current will linearly depend on υ1/2 for homogeneous species and υ for electrode-adsorbed species. In some 
cases, symmetric oxidative waves are ‘stripping’ waves where reduction or oxidation of the surface-
adsorbed material leads to its desorption from the electrode surface. For reductive catalysis (e.g., H2 
evolution from acid), molecular systems are susceptible to deligation under the highly reducing and protic 
conditions, generating elemental metal that is plated onto the electrode surface which desorbs upon 
oxidation.84,85  
Curve Crossing, Induction Periods | Kinetic abnormalities are extremely compelling evidence that the 
active catalyst is generated in situ because it implies that catalytic activity has increased as a function of 
time.63,75,86 One quintessential kinetic phenomena of precatalyst-to-catalyst conversion is an initial induction 
period followed by a rapid increase in catalytic activity. For an induction period for a heterogeneous or 
heterogenized species to be observable, initial nucleation must be slow and subsequent surface growth 
fast.75 In electrochemical assays, induction periods may also result from a buildup of heterogeneous or 
heterogenized active catalyst on the electrode as more precatalyst diffuses to the surface.71,87 
In a cyclic voltammogram, this induction period can manifest as “curve crossing” where the current 
on the return scan is higher than the current on the forward scan.88,89 Curve crossing stems from the 
increasing concentration of active catalyst – and so higher catalytic current – as the cyclic voltammogram 
progresses. Induction periods can also be detected using chronoamperometry. In these experiments, the 
applied electrode potential is stepped from a voltage where no redox events occur to a potential on the 
catalytic wave. For homogeneous electrocatalysts, addition of substrate results in the passage of more 
current (red trace, Figure 1.6) compared to the catalyst-only solution (P + e- ⇌ Q, black trace, Figure 1.6) 
as the homogeneous chemical reaction regenerates catalyst (Q + A → P + B). If substrate concentration is 
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in excess, the catalytic current will plateau, otherwise a current decay will be observed as the substrate in 
the diffusion zone is depleted. For precatalyst transformations with an experimentally observable induction 
period (blue trace, Figure 1.6), an initial current spike will be observed followed by decay due to reduction 
or oxidation of the precatalyst (P + e- ⇌ Q). Subsequent degradation of the electrolyzed product (Q + A → 
X) to generate the active catalyst then leads to a rise in current attributed to catalysis (X + e- ⇌ Y, Y + A → 
X + B). Observation of this sort of an induction period are expected to lead to lower than 100% Faradaic 
efficiency as some electrons are lost to generation of the active catalyst. 
 
Figure 1.6 Simulated CAs of a catalyst without substrate (black trace), catalyst with substrate undergoing 
simple redox catalysis (blue trace), and conversion of precatalyst to active catalyst (red trace). Reaction 
sequences shown in figure are color-coded to correspond to their simulated CA. Electron transfers were 
set as 1 cm s-1 with α = 0.5, catalytic steps with a rate constant of 100 M-1 s-1, species P concentration as 
1 mM, substrate A concentration as 500 mM, diffusion coefficients of all species as 1 x 10-5 cm2 s-1, rate of 
𝑄 + 𝐴 → 𝑋 as 1 M-1 s-1, the potential step as 0.3 V negative relative to the E1/2 of the P/Q couple, and the 
X/Y couple as 0.1 V positive relative to the P/Q couple. Simulated using DigiElch 7. Lee, K. J.; McCarthy, 
B. D.; Dempsey, J. L., Chem. Soc. Rev., 2019, 48, 2927-2945 – Reproduced by permission of The Royal 
Society of Chemistry. 
Prewave | Perhaps the most reliable indication of precatalyst transformation is the appearance of an 
irreversible prewave prior to the catalytic wave in the presence of substrate (Figure 1.7).52,71,85,90–92 In 
some cases, the electrochemically induced chemical reaction that transforms the precatalyst into the active 
species does not immediately lead to catalysis. If the voltage required for precatalyst transformation is more 
positive (for reductive catalysis) or negative (for oxidative catalysis) than the catalytic onset potential for 
catalysis by the active species, then the cyclic voltammogram will contain a prewave – corresponding to 
formation of the active catalyst – prior to the catalytic wave. The potential of this prewave can differ 
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drastically from the potential of the precatalyst’s reversible E1/2 and is directly influenced by the kinetic 
parameters of the irreversible chemical reaction that follows electron transfer to produce the active 
species.11 When the chemical step that generates the active catalyst is slow, the potential of the prewave 
will be similar to the precatalyst’s E1/2 (Figure 1.7, red trace). Increasing the observed rate constant for the 
irreversible chemical step leads to a positive (for reductive processes) or negative (for oxidative processes) 
potential shift for the prewave, with some features showing peak shifts of hundreds of millivolts with respect 
to the redox feature of the precatalyst (Figure 1.7, blue trace).52 In some cases, information about the 
degradation mechanism can be gleaned from careful analysis of the peak shift magnitude.52 
 
Figure 1.7 Examples of how prewaves in simulated cyclic voltammograms. Bottom panel contains a 
simulated CVs of a precatalyst in the absence of substrate undergoing reversible electron transfer (black 
trace). The top panel contains simulated CV of the conversion of precatalyst to active catalyst when the E1/2 
of the X/Y couple is 0.2 V negative of the P/Q couple. The red and blue asterisks (*) denotes the prewave 
associated with irreversible transformation of the precatalyst into the active catalyst when the rate of the 
chemical step is slow (kc = 500 M-1 s-1, red trace) and fast (kc = 1x10-6 M-1 s-1, blue trace), respectively. 
Chemical and electron transfer steps shown in the panels correspond to the simulated CV(s). Electron 
transfers were set at 1 cm s-1 with α = 0.5, catalytic chemical steps as 1 x 106 M-1 s-1, concentration of 
species P and substrate A as 0.5 and 5 mM, respectively, scan rate as 0.1 V/s, and diffusion coefficients 
of all species as 1 x 10-5 cm2 s-1. Simulated using DigiElch 8. Lee, K. J.; McCarthy, B. D.; Dempsey, J. L., 
Chem. Soc. Rev., 2019, 48, 2927-2945 – Reproduced by permission of The Royal Society of Chemistry. 
As the current magnitude of the prewave can be quite large, prewaves are sometimes mistaken as 
catalytic features.63,82 Substrate titrations are an excellent way of differentiating between a prewave and a 
true catalytic wave as the characteristic change in current magnitude and waveform shape during substrate 
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titrations differ drastically for these features. For a peak-shaped catalytic wave, substrate addition will lead 
to an increase in the current magnitude and, at sufficiently high substrate concentrations, a transition to an 
S-shaped waveform (Figure 1.4).15,25 The plateau current of the S-shaped wave will continue to increase 
as a function of substrate concentration unless a slower, substrate-independent step governs catalytic 
turnover.28 In contrast, a prewave will remain peak-shaped and the peak height will reach an upper limit as 
substrate concentration is increased.85,90–93  
Though irreversible prewaves are a common motif in electrochemical precatalyst transformation, 
they have also been observed in the catalytic voltammograms of molecular catalysts in the absence of 
degradation reaction. This behavior can occur when a very stable catalytic intermediate is formed, such as 
has been previously observed during CO2 reduction by iron porphyrin derivatives bearing phenolic 
functionalities.30  
1.3.3 Rinse Tests and Metastable Material 
The most commonly used methods for detecting deposition of a heterogeneous material generally 
rely on post-mortem characterization of an electrode that has been rinsed to remove residual solution, 
however these procedures are only effective when the deposited material is stable and strongly bound to 
the electrode.52,75,85 Such ex-situ analyses necessitate that the material is stable to the conditions it is 
exposed to prior to analysis (e.g., pH, atmosphere, vacuum, potential, mechanical handling). These 
traditional methods are particularly ineffective when trying to identify weakly-adsorbed or metastable 
material which will readily desorbed when rinsed or left to equilibrate in a solution outside its stable pH-
potential range. Increasing awareness of metastable catalytic material has fueled interest in developing 
alternative methods for detecting electroprecipitation.71,81,94,95 
Rinse tests are one of the most common methods for detecting in situ formation of a heterogeneous 
or heterogenized active catalyst.52,63,64,71,84,85,91,96  Two primary variants exist. In the first (Figure 1.8), a 
cyclic voltammogram or linear sweep voltammogram is taken with a freshly polished electrode in a solution 
of catalyst and substrate – the scan is started prior to any redox features and is stopped after scanning 
through a prewave or the suspected catalytic peaks. This electrode is rinsed with neat solvent and then 
used to perform an identical scan in a substrate-only solution. If no strongly adsorbed, heterogeneous 
catalyst has been generated, then no current beyond background will be observed. Presence of any 
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additional current after rinsing – especially anything that looks catalytic – is strong evidence that at least a 
portion of the catalytic response is due to an electrode adsorbed catalyst. Control experiments in which the 
electrode is first scanned in a catalyst-only solution, rinsed with neat solvent, and used to collect an identical 
scan in substrate-only solution can help determine if substrate is necessary for electrodeposition.85,89 
Alternatively, when addition of substrate in the absence of an applied bias leads to formation of a 
heterogeneous material, the rinse test procedure can be modified such that the electrode is initially soaked 
in a solution of catalyst and substrate without an applied potential.29,89   
Two potential pitfalls of this rinse test variant when evaluating metastable species are (1) rinsing 
can lead to desorption and (2) a species may re-dissolve if left to equilibrate in a solution outside its stable 
pH-potential range. The amount of catalytic activity observed in the analyte-only solution will depend on the 
extent of corrosion, a factor which may vary depending on the size and amount of catalytic particles as well 
as the geometry of the electrode. In extreme cases, the electrode will lose all catalytic activity and rinse test 
results will be similar to that of a freshly polished electrode. Modifying the traditional rinse test to avoid 
these conditions can permit detection of metastable material. In “dry tests”, the electrode is quickly removed 
after scanning in the catalyst/substrate solution before the potentiostat begins re-equilibration to the open 
circuit value. The electrode is then dried and immediately scanned in an substrate or electrolyte-only 
solution.71 Great caution should be taken when interpreting the results from dry tests. Because the electrode 
is not rinsed, residual soluble species may stay attached to the electrode and be transferred to the analyte-
only solution. An additional challenge is the time constraints imposed by possible dissolution of the film in 





Figure 1.8 Illustration of procedure and anticipated results for the first primary rinse test variant. A typical 
three-electrode set-up containing a working electrode (WE), counter electrode (CE), and reference 
electrode (RE) is used to collect a CV or LSV in a solution of catalyst and substrate. In this example, two 
voltammetric features can be observed: a catalytic wave preceded by a prewave which corresponds to 
precatalyst transformation (see Part 1). After collecting the CV or LSV, the WE is disconnected and rinsed 
with fresh solvent to remove soluble components that are only weakly physiosorbed to the surface. A 
second CV or LSV is then run using the same electrode under the same conditions in a substrate-only 
solution. If a strongly adsorbed electrocatalytic material was generated in step 1 (blue trace), then a catalytic 
response will be observed in the substrate-only solution with concomitant loss of the prewave feature. If no 
electrocatalytic material is generated or the electrode-bound species is removed during rinsing (green 
trace), then the CV in the substrate-only solution will resemble that of a freshly polished electrode. Lee, K. 
J.; McCarthy, B. D.; Dempsey, J. L., Chem. Soc. Rev., 2019, 48, 2927-2945 – Reproduced by permission 
of The Royal Society of Chemistry 
The second rinse test variant involves performing a bulk electrolysis under catalytic conditions, 
generally using a large surface area electrode such as a glassy carbon plate or reticulated vitreous carbon 
foam. After the catalytic run, the electrode is rinsed with neat solvent and used to perform another bulk 
electrolysis in substrate-only solution. Quantification of the amount of current passed, relative to 
background, as well as the amount of product formed (e.g. through headspace analysis for volatile 
products), allows a surface-adsorbed species to be detected and its catalytic activity quantified. Analysis of 
the resulting solution should be performed in conjunction with these rinse tests as the film may desorb upon 
application of a potential or, in the case of metastable films, when it is moved to the analyte-only solution.29 
In these cases, the deposits will diffuse into the solution used for the second bulk electrolysis either as 
nanoparticles or a molecular species. At sufficiently high concentrations, soluble diffusional products can 
be detected and characterized. Certain techniques, such as UV-vis absorbance spectroscopy and 
electrochemistry, can be done without separation of the product from electrolyte while others, such as NMR 
and mass spectrometry, may be hindered by the presence of electrolyte. Dynamic light scattering can be 
used to detect the diffusion of nanoparticles into solution.63 
Though most frequently used for the detection of heterogeneous catalysts and catalytic 
intermediates, rinse tests can be easily modified to allow for the detection of inhibiting material. In this case, 
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the fouled electrode is transferred to a solution containing a homogeneous electroactive species which 
serves as a redox probe system. A cyclic voltammogram of this redox couple is collected with a purposefully 
fouled electrode and compared to the same voltammogram collected with a freshly polished electrode. A 
decrease in current magnitude or increase in ΔEp of the redox couple supports formation of an inhibiting 
material and gives insight into its morphology. 
1.4 Rotating Disc Electrode Voltammetry: Analysis of Homogeneous Species and Catalysts 
1.4.1 Fundamentals of Rotating Disc Electrodes 
In hydrodynamic electrochemical set-ups, the electrode moves with respect to the solution. This 
encompasses set-ups in which the electrode itself is in motion or the solution is forced past a stationary 
electrode.  Hydrodynamic set-ups are generally designed such that forced convection dominates mass 
transfer throughout the majority of the system, except for in the region spatially close to the electrode 
surface where diffusion always dominates. As with stationary electrochemical methods, large electrolyte 
concentrations are used to suppress mass transport from migration.  
While a diverse configuration of electrode set-ups and flow patterns can be envisioned, these 
constructions are realistically limited by the need for reproducible mass-transfer conditions if rigorous 
theoretical treatment of these systems is to be accomplished.97 One of the most convenient and widely 
used systems is the rotating disc electrode (RDE). As the name suggests, the RDE is rotated at a set 
frequency resulting in a steady flow of solution normal to the electrode. Upon reaching the surface, the 
centrifugal force induced by the rotating electrode propels the solution outward in a radial direction. For 
sufficiently slow scan rates and sufficiently fast rotation rates, steady-state mass transfer results in a time-
independent current response because stirring continuously replenishes the diffusion layer with fresh 
material from the bulk solution. Under these conditions, (and assuming electrolyte concentration is large 
enough for migration to be suppressed) the mass transport will be described by steady-state convection-
diffusion equations. The thickness of the diffusion layer is thus a function of the rotation rate and can be 
approximated as: 
𝛿 = 1.61𝐷1 3⁄ 𝜈1 6⁄ 𝜔−1 2⁄   (1.4.1) 
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where ω is the rotation rate and ν is the kinematic viscosity. This is in contrast with stationary voltammetry 
where the thickness of the diffusion layer increases as a function of time, leading to a time-dependent 
current response.  
In rotating disc electrode voltammetry (RDEV), rotation rate is also the critical parameter that can 
be tuned in order to move between kinetic and mass-transfer control, thereby allowing the kinetics and 
mechanism of coupled chemical reactions to be probed. Unfortunately, the reliance on rotation rate has 
important consequences for the types of processes which can be accurately characterized via RDE. The 
range of available rotational speed is typically limited from ca. 10 – 1000 rad sec-1, with the lower limit 
dictated by the need to achieve steady-state conditions and the upper limit governed by the onset of 
turbulent flow .24,98 This upper limit stymies kinetic characterization of fast chemical processes and allows 
access to a smaller range of rate constants relative to stationary cyclic voltammetry, which relies on scan 
rate – a parameter which can be varied over a far larger range – as a means of modulating mass transfer 
and as a kinetic probe.15 However, RDE has a number of other advantages relative to stationary techniques. 
The steady-state conditions achieved during RDE measurements can amplify the observed current 
densities relative to stationary set-ups while also eliminating the capacitive currents which can greatly distort 
stationary cyclic voltammetry measurements at high scan rate. The need to avoid natural convection during 
stationary experiments limits the experimental timescale over which accurate data can be collected to less 
than 10-20 seconds, a problem avoided by introducing forced convection. Importantly, the experimental 
set-up can be easily modified to allow the analytes in the liquid flowing outward from the disc to be 
electrochemically monitored by addition of an independent ring electrode surrounding the central disc, a 
set-up known as a rotating ring-disc electrode (RRDE).99,100 
1.4.2 Fundamentals of RDE Voltammetry: Electron Transfer to a Homogeneous Analyte 
For the one-electron, electrochemically reversible  reduction of a homogeneous species P to Q, 
the presence of convection changes the voltammetric response from the characteristic peak shaped 
current-voltage curve typical of voltammetry under planar diffusion conditions into the steady-state 
response typical of a hydrodynamic electrode (Figure 1.9). This sigmoidal, mass-transport limited 
voltammogram can be described by equation 1.4.2 and will have a limiting plateau current which is linearly 
dependent on 𝜔1/2 per the Levich equation (Eq. 1.4.3). 
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Figure 1.9 Forced convection changes the shape of the current-potential response for the one-electron, 
reversible redox couple from the canonical duck shaped collected at a stationary electrode (black) to a 
sigmoidal steady-state response (blue) with a limiting plateau described by the Levich equation (equation 
1.4.3). 
As we can see in equation 1.4.2 and 1.4.3, while the magnitude of the plateau current linearly varies 
with  𝜔1/2, the shape of the wave is rotation rate independent. Namely, for RDE voltammograms obtained 
for a homogeneous redox couple at a series of rotation rate, dividing these voltammograms by 𝜔1/2 will 
yield identical sigmoids if electron transfer is electrochemically reversible. This is not the case when the 
rate of electron transfer is slow relative to mass transfer (Figure 1.10A), which is now governed by rotation 
rate (equation 1.4.4). These waveform will become increasingly distorted from the idealized sigmoid at 
higher rotation rates, resulting in a waveform shape that is not independent of rotation rate (Figure 1.10B). 
𝑚𝑇 = 1.61𝐷






Figure 1.10 (A) Example of the impact of heterogeneous electron transfer kinetics on a one-electron redox 
couple for RDEV at a constant rotation rate (ω = 377 rad s-1). The mass-transport limited sigmoid is 
observed with a ks value of 10000 cm s-1 (red). However, as the rate of electron transfer decreases from 10 
to 0.01 cm2 s-1 (grey to blue) the sigmoid is increasingly elongated along the potential axis. (B) Example of 
how distortions due slow electron transfer kinetics will result in waveforms which are rotation rate 
dependent. Rate of electron transfer set at 0.05 cm2 s-1 and rotation rate varied from 42 (red) to 377 rad s-
1 (blue). Simulated voltammograms normalized to ω1/2 Scan rate for all simulations voltammograms set to 
0.01 V s-1, electron transfers with α = 0.5, and diffusion coefficients of all species as 1 x 10-5 cm2 s-1. 
Simulated using DigiElch 8. 
1.4.3 Analysis of EC′ Catalytic Mechanisms via RDE Voltammetry 
There is a rich history of using RDEV to evaluate a suite of coupled chemical reactions involving 
homogeneous species and substrates, including the EC′ catalytic mechanism.24,101–104 As with stationary 
cyclic voltammetry, the exact shape of a catalytic waveform will depend (in the absence of side phenomena 
such as catalyst deactivation) on the degree of substrate consumption at the electrode surface and whether 
pure kinetic conditions are achieved.25 The catalytic response at the RDE is also governed by the same 
two dimensionless parameters, the substrate-to-catalyst excess factor γ (equation 1.2.1) and a 






Case 1: Pure kinetic conditions, no substrate consumption 
 When pure kinetic conditions are achieved with large values of γ and relatively small values of λ, 
substrate consumption will be negligible and the current–potential response will represent the kinetic current 
in the absence of mass-transfer effects (Figure 1.11A).27,37,39 This steady-state catalytic response will be 
independent of the particular electrochemical technique – namely the same current–potential response 
would be obtained via RDEV and stationary cyclic voltammetry (Figure 1.11B) – which allows plateau 
current analysis to be readily extended to RDEV (equation 1.2.3).15,36 Importantly, as rotation rate now 
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dictates mass transfer, this ipl-kobs relationship can only be used when the S-shaped current response is 
independent of the rotation rate (for RDEV).11,101 This is in contrast to stationary voltammetry where the 
response needs to be independent of scan rate. 
At this point, it is key to emphasize the difference between the steady-state response generally 
achieved in RDEV and the steady-state catalytic response which is uniform across all electrochemical 
techniques. As mentioned above, in RDEV, steady-state conditions are achieved when using sufficiently 
slow scan rates because stirring continuously replenishes the diffusion layer with fresh material from the 
bulk solution and thus all current responses reflect steady-state conditions. In contrast, steady-state is 
achieved under catalytic conditions when (1) rapid turnover ensures a steady-state condition in species Q 
such that Q does not accumulate outside of the very thin reaction-diffusion layer (pure kinetic conditions) 
and (2) substrate consumption is so small relative to the total substrate concentration that the substrate 
concentration at the electrode surface is effectively equal to the bulk concentration. This steady-state 
catalytic response is independent of the mode of mass transport and thus will not vary upon changing 





Figure 1.11 Simulated voltammograms showing how the EC′ catalytic waveform will approach its kinetically 
limited maximum – denoted in both panels by the dashed grey line – by decreasing the kinetic parameter 
λ. λ, which is proportional to 
𝑘
𝜔
 in RDEV and 
𝑘
𝜐
 in stationary CV, can be lowered by increasing rotation rate 
(for RDEV) or scan rate (for stationary CV) or by decreasing k. (A) RDE voltammograms collected at rotation 
rates of 50 (black), 100 (green), 500 (blue), and 10,000 (red) rad s-1, keeping the excess factor (γ = 1000, 
𝐶𝑃
0 = 0.001 M, 𝐶𝐴
0 = 1 M) and kinetics of the chemical step (ke = 3.86x105 M-1 s-1) constant. For all RDE 
simulations, scan rate set as 0.001 V s-1 and kinematic viscosity set as 0.01 cm2 s-1.  (B) Analogous 
voltammograms collected under stationary conditions. In this case, λ was varied using scan rate:  υ = 0.025 
(black), 0.1 (green), 1 (blue), and 100 V s-1 (red). The mass-transport independent plateau current is 
achieved at 10,000 rad s-1 and 100 V s-1 for RDEV and stationary CV, respectively. For all simulations, 
electron transfers were set at 10000 cm s-1 with α = 0.5 and diffusion coefficients of all species set as 1 x 
10-5 cm2 s-1. Simulated using DigiElch 8.FD. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, 
B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of 
Chemistry. 
Case 2: Pure kinetic conditions, substrate consumption 
As λ grows increasingly large under pure kinetic conditions, substrate consumption can no longer 
be considered negligible and the concentration of substrate in the reaction-diffusion layer will be less than 
the bulk concentration, but still approximately constant. When this condition is met at very high values of λ 
relative to γ, a second limiting case of interest is reached: total catalysis.11,25,37 The conditions underpinning 
total catalysis under stationary conditions are the same factors at work in RDEV. In this regime, all substrate 
in the reaction-diffusion layer can be consumed by the small amount of active catalyst generated at 
30 
 
potentials positive of the catalyst’s redox couple. The resulting catalytic wave is then controlled by diffusion 
of substrate, not diffusion of the catalyst.15 This phenomenon manifests as a split of the catalytic sigmoid 
into two overlapping sigmoidal waves (Figure 1.12).39,105,106 At some potential positive of the catalyst’s 
redox couple, the onset of a catalytic wave is observed which rapidly reaches the diffusion-controlled 
current maximum (Ψ∞ = 𝛾). The efficiency of this catalytic process ensures that the concentration of the 
reduced catalyst Q is negligible relative to P due to the rapid regeneration of P via homogeneous electron 
transfer.39,106 As the potential approaches the P/Q redox couple, reduction of P gives rise to the usual 
reversible redox wave of the catalyst, leading to a hybrid wave in which the typical redox couple is overlaid 
with the catalytic wave (Ψ∞ = 𝛾 + 1).   
 
Figure 1.12 Simulated RDE voltammograms depicting how an EC′ catalytic waveform varies with λ in the 
total catalysis regime when γ is constant. In the absence of substrate, 𝛹∞ = 1 for the catalyst’s reversible 
one-electron redox couple (black trace). Simulated catalytic voltammograms collected at log(λ) values of 2 
(blue), 3 (dark green), 4 (light green), 5 (yellow), 6 (orange), and 7 (red) for γ = 1.5. For all simulations, scan 
rate set as 0.001 V s-1, kinematic viscosity set as 0.01 cm2 s-1, electron transfers were set at 10000 cm s-1 
with α = 0.5 and an E1/2 of 0V, and diffusion coefficients of all species set as 1 x 10-5 cm2 s-1. Simulated 
using DigiElch 8.FD. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., 
Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
Because the catalytic wave is diffusion-controlled in the total catalysis regime, the plateau current 
is no longer a function of the catalytic rate constant, instead reflecting γ, and thus cannot be used to extract 
kinetic information. However, the catalytic rate constant will govern the location of the half-wave potential 
of the catalytic feature which is predicted to shift to more positive potentials (for reductive catalysis) by 30 
mV per decade λ for an EC′ mechanism per equation 1.4.6, while the half-wave potential for the hybrid 
wave is invariant and governed by the catalyst redox couple.39 Rewriting equation 1.4.6 in terms of 
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experimental parameters shows the anticipated dependence of E1/2 of the catalytic feature on catalyst 
concentration, substrate concentration, and rotation rate (equation 1.4.7). 



















Peak shift analysis exploits this E1/2-λ relationship to derive kinetic information by tuning CP
0, CA
0 , ω, or k and 
tracking the subsequent change in half-wave potential relative to the half-wave potential of the catalyst 
couple.  
For a given λ value, the distinction between the two features is lost as γ is increased (which can be 
experimentally accomplished by increasing substrate concentration or decreasing catalyst concentration) 
and the catalytic wave continues to grow in magnitude relative to the catalyst’s redox couple. Eventually, 
the catalyst’s redox couple will become undetectable, marking the passage of the catalytic response into 
the realm of mixed transport-kinetic control.39,101 In this regime, the plateau current for the catalytic wave 
will be a function of both λ and γ.  
Case 3: Current-potential responses outside of the pure kinetic condition 
The situation becomes more complex when pure kinetic conditions are not met such that slow 
reaction kinetics result in a build-up of unreacted Q. Under stationary conditions, this behavior is easily 
diagnosable – an anodic feature corresponding to the oxidation of unreacted intermediates will be observed 
on the return scan.27,37 Meanwhile, in RDEV, these intermediates will be swept out into the bulk solution 
where turnover can take place. At very low values of λ and/or γ, the reaction kinetics are so slow relative to 
rotation rate that no catalysis will be observed at the electrode surface and only the mass transport-limited, 
one-electron redox wave will be observed at the usual P/Q redox couple. For intermediate values of γ, 
increasing λ gives rise to observable catalysis at the electrode surface. In this regime, a single wave is 
observed which will increase in magnitude as λ is increased (Figure 1.13). At sufficiently high λ values, the 





Figure 1.13 Simulated RDE voltammograms for an EC′ catalytic mechanism showing how slow reaction 
kinetics limit the plateau current at intermediate γ values. In the absence of substrate, 𝛹∞ = 1 for the 
catalyst’s reversible, one-electron redox couple (black trace). For γ = 1.5, voltammograms simulated with 
log(λ) = 6 (blue) exhibit behavior consistent with total catalysis. At the same excess factor, reduced reaction 
kinetics give a single feature with 𝛹∞ < 𝛾 + 1 as shown in voltammograms simulated at log(λ) values of 
0.25 (red), 0.5 (orange), 0.75 (yellow), 1 (light green), and 1.25 (dark green). The transition to total catalysis 
can be observed at log(λ) = 2 (light blue). For all simulations, scan rate set as 0.001 V s-1, kinematic viscosity 
set as 0.01 cm2 s-1, electron transfers were set at 10000 cm s-1 with α = 0.5 and E1/2 of 0 V, and diffusion 
coefficients of all species set as 1 x 10-5 cm2 s-1. Simulated using DigiElch 8.FD. Lee, K. J.; Gruninger, C. 
T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced 
by permission of The Royal Society of Chemistry. 
1.5 Dissertation Overview 
My doctoral research has involved a diverse suite of projects which seek to improve the 
electrochemical toolbox available for analysis of molecular transition metal catalysts and explore novel 
applications of these systems. Chapter 2 discusses how protonation-initiated solubility change can result 
in a competitive catalytic pathway involving an electrode-adsorbed, molecular catalytic intermediate and 
how this reactivity can be diagnosed using cyclic voltammetry. Chapter 3 details an example of 
electrochemically-driven solubility cycling where the limited solubility of one of the redox states of the 
transition metal complex results in electron transfer-initiated precipitation to generate an inert deposit that 
has poor electronic communication with the electrode surface. This work also demonstrates how freely-
diffusing redox mediators can be used to overcome the slow electron transfer kinetics between the 
electrode and inert deposits that makes reversing this deposition through direct electron transfer 
challenging. Chapter 4 explores the efficacy of rotating-disc electrode voltammetry for the analysis of multi-
electron, multi-step fuel-forming catalysts. Finally, in Chapter 5, I discuss my work developing an 
electrochemical strategy for catalytic methane activation by molecular transition metal complexes. 
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CHAPTER 2. Identification of an Electrode-Adsorbed Intermediate in the Catalytic H2 Evolution 
Mechanism of a Cobalt Dithiolene Complex 
 
Portions of this text adapted with permission from Lee, K. J.; McCarthy, B. D.; Rountree, E. S.; Dempsey, 
J. L. Inorg. Chem. 2017, 56, 4, 1988-1998. Copyright 2017 American Chemical Society. 
 
2.1 Introduction 
Hydrogen gas (H2) is a versatile energy carrier and a valuable feedstock for the synthesis of carbon-
based fuels which can be electrochemically generated via H2O electrolysis using a variety of electrode 
materials.8,10 However, many of these reactions proceed with low energy efficiency or require expensive 
materials, limiting the commercial viability of these heterogeneous systems. Developing efficient catalysts 
for the hydrogen evolution reaction (HER) based on earth-abundant, first-row transition metals has been a 
long-running research endeavor which has resulted in an array of nickel, cobalt, and iron HER catalysts.107 
A class of compounds that has received extensive attention as HER electrocatalysts and photocatalysts 
are mononuclear metal complexes with redox-active dithiolene ligands.108 Among these is the cobalt 
dithiolene complex [Co(bdt)2]- (bdt = 1,2-benzenedithiolate) (Scheme 2.1) which has been reported to 
evolve H2 in 1:1 CH3CN/H2O and dry organic solvents (CH3CN or dimethylformamide) upon the addition of 
either p-toluenesulfonic acid or trifluoroacetic acid (TFA).109,110  
Scheme 2.1 | Structure of [Co(bdt)2]- 
 
Later work used computational methods to propose a catalytic cyclic (Scheme 2.2) in which initial 
[Co(bdt)2]-/2-  reduction is followed by double protonation of the dithiolene ligands to form [Co(bdtH)2] which 
is then reduced to generate [Co(bdtH)2]-. A subsequent intramolecular proton transfer generates a 
catalytically active cobalt hydride intermediate which can react further to release H2.111 While the original 
report on this complex had noted that the catalytic wave grows from the [Co(bdt)2]-/2-  reversible redox 
couple,110 supporting a reduction-initiated HER pathway, no additional attempts at experimentally probing 
this intriguing mechanism in either aqueous or organic solvents had been reported. In this work, we utilized 
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electrochemical methods to experimentally investigate the elementary steps governing [Co(bdt)2]- catalyzed 
hydrogen evolution in acetonitrile. 
Scheme 2.2 | Proposed HER Pathway 
 
My research revealed that protonation of [Co(bdt)2]- prior to reduction is viable and that this 
reactivity can be promoted through use of strong acids and high acid concentration. Protonation of 
[Co(bdt)2]- results in the rapid formation of black particulates and, in the presence of a glassy carbon 
electrode, adsorption of a redox active material. Reduction of this electrode-adsorbed species and black 
particulates regenerates molecular [Co(bdt)2]- in solution. Based on this intriguing result, we propose that 
[Co(bdt)2]- can catalyze HER via a secondary mechanism involving an electrode adsorbed intermediate 
that remains molecular in nature. The proposed mechanism was one of the first clear examples of a 
homogenous species undergoing catalysis via an electrode adsorbed intermediate, though additional 
examples have been reported since the original publication of this work. Possible catalytic mechanisms 
incorporating an electrode-adsorbed intermediates as well as the implications of these species for the 
electrochemical analysis of homogeneous fuel-forming catalysis is discussed. 
2.2 Results and Discussion 
2.2.1 Electrochemistry of [NBu4][Co(bdt)2] in CH3CN 
The cyclic voltammogram of [NBu4][Co(bdt)2] in acetonitrile shows a reversible, one-electron redox 
couple with an E1/2 of –1.24 V vs. Fc+/0 (Figure 2.1A). As electron delocalization is common for metal 




Figure 2.1 (A) Cyclic voltammogram of 2.5 mM [Co(bdt)2]- recorded in 0.25 M [NBu4][PF6] acetonitrile 
solution at 200 mV s-1. The E1/2 of the [Co(bdt)2]-/2- couple is –1.24 V. (B) Cyclic voltammogram of 1 mM 
[Co(bdt)2]- in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1 with 0 to 2 equivalents anilinium. (C) The cathodic 
peak current of A for a solution of 1 mM [Co(bdt)2]- plotted versus added anilinium concentration gives a 
linear relationship indicating that substrate diffusion governs the catalytic response. 
 Addition of 0–2 equivalents anilinium (pKa = 10.62115) results in the appearance of a cathodic 
feature (A) at potentials positive of the [Co(bdt)2]-/2- couple (Figure 2.1B). Upon first inspection, this 
response seems consistent with a total catalysis voltammogram in which a catalytic wave precedes the 
reversible redox couple (see Section 1.2.4).15,25,28 As stoichiometric amounts of anilinium are titrated into 
solution (up to 2 equivalent anilinium), the cathodic current of feature A [ip,c(A)] increases linearly with 𝐶A
0, 
consistent with a substrate-diffusion-controlled catalytic response (Figure 2.1C).15,25,28  Concurrent with the 
growth in the magnitude of wave A is a loss of reversibility of the [Co(bdt)2]-/2- couple (Figure 2.1B). This 
behavior is qualitatively consistent with a transition from zone KT2 to KT1 (Figure 1.4, see Section 1.2.1), 
where the increasing magnitude of the catalytic wave obscures the reversible couple.27 Addition of acid also 
resulted in the growth of an anodic feature (B) and cathodic feature (C) at potentials positive and negative 
of the [Co(bdt)2]-/2- couple, respectively.  (Figure 2.1B). The presence of redox features B and C are not 
expected in the total catalysis regime and suggest more complex reactivity than H2 evolution alone.  
 The behavior of this waveform becomes increasingly erratic as acid concentration is increased. 
Above 2 equivalents of anilinium, the linear relationship between the cathodic current for wave A and acid 
concentration is lost (Appendix A1), behavior inconsistent with the transition from KT2 to KT1 where the 
catalytic wave should still be controlled by substrate diffusion. Above 3 equivalents of anilinium, the 
voltammograms become increasingly irreproducible from trial to trial and two overlapping cathodic features 
are observed. The current ratio of the two peaks was inconsistent between different experiments with no 
clearly identifiable variable dictating the ratio (Appendix A1).  
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Exacerbation of these inconsistencies at high acid concentrations suggested that catalysis 
proceeds through parallel pathways and/or species and that one of these side pathways is promoted at 
higher acid concentrations. For other HER catalysts with multiple accessible catalytic pathways, judicious 
choice of experimental conditions allowed for isolation and electrochemical analysis of a single pathway.33 
Given the additional complications of multiple peaks and general waveform inconsistency observed at 
higher acid concentrations, we focused our analysis on the better-behaved 0–2 acid equivalence region to 
determine whether we could isolate and analyze the reactivity in this regime. In particular, we were intrigued 
by the possibility that wave A corresponded to total catalysis and decided to explore a possible connection. 
In the total catalysis regime, the catalytic waveform will follow a number of trends upon tuning the scan rate, 
observed rate constant, or catalyst concentration (see Section 1.2.4). To identify whether feature A was 
truly a catalytic wave, these parameters were systematically tuned and the resulting changes in the peak 
potential of feature A [(Ep,c,(A)] were monitored. 
Scan rate dependence trials with 1 equivalent of anilinium (Appendix A.1) showed that peak A shifts 
to more negative potentials with increasing scan rate, eventually overlapping with the [Co(bdt)2]-/2- peak. It 
was postulated that increasing scan rate results in a transition from zone KT2 to zone KG or KG* where 
slow reaction kinetics result in a peak-like catalytic wave associated with build-up of catalytic intermediates, 
similar to the previously reported behavior observed with a cobaloxime HER catalysts.25,27 
 Next, the influence of acid strength was evaluated to determine the relationship between kobs and 
Ep,c(A). Cyclic voltammograms of [Co(bdt)2]- were recorded at a constant catalyst concentration (𝐶𝑃
0 = 0.5 
mM) and acid concentration (𝐶𝐴
0 = 0.5 mM) in the presence of a series of para-substituted aniliniums 
spanning 4 pKa units (Appendix A.1): 4-methoxyanilinium (pKa = 11.86115), 4-tertbutylanilinium (pKa = 
11.148), anilinium (pKa = 10.62115), 4-chloroanilinium (pKa = 9.748), 4-bromoanilinium (pKa = 9.43115), 4-
trifluoromethoxyanilinium (pKa = 9.2828), 4-iodoanilinium (pKa = 9.27116), 4-(methylbenzoate)anilinium (pKa 
= 8.6228), and 4-trifluoromethylanilinium (pKa = 8.03115) (Appendix A.1). This acid series was chosen to 
minimize structural variance and because anilinium itself has a small homoconjugation constant of ca. 4;117 
we expect structurally similar aniliniums to also have small homoconjugation constants. One equivalent of 
acid was used in each case to ensure that all redox features were identifiable. For the weakest acids 
sampled (pKa > 10.62), wave A overlaps with the [Co(bdt)2]-/2- couple (Figure 2.2A). As acid strength is 
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increased, the Ep,c(A) shifts positive relative to the [Co(bdt)2]- couple with the difference between Ep,c(A) 
and E1/2([Co(bdt)2]-) increasing with acid strength, from 130 mV with anilinium (pKa = 10.62) to 320 mV for 
the strongest acid sampled (4-trifluoromethylanilinium (pKa = 8.03)) (Figure 2.2B).  
Finally, the influence of catalyst concentration (𝐶P
0) on peak potential was explored by varying 𝐶P
0 
while keeping acid pKa and the ratio of catalyst to acid constant (γ = 1). Voltammograms recorded with 0.25 
mM to 1 mM solutions of [Co(bdt)2]- using one equivalent 4-chloroanilinium showed that peak A moved to 
more positive potentials as [Co(bdt)2]- concentration increased (Figure 2.2C, Appendix A.1).  
 
Figure 2.2 (A) Voltammograms of 0.5 mM [Co(bdt)2]- with 1 equivalent 4-tert-butylanilinium, pKa = 11.1 
(red); anilinium, pKa = 10.62 (green); 4-chloroanilinium, pKa = 9.7 (blue) recorded at 200 mV/s in 0.25 M 
[NBu4][PF6] acetonitrile. (B) Plot of the difference between [Ep,c(A)] and E1/2([Co(bdt)2]-) versus acid pKa 
gives a line with a slope of 76 mV/pKa unit. Experimental data indicated by blue dots, experimental averages 
by red dots along with associated standard deviation. Acid identities: (1) anilinium, (2) 4-chloroanilinium, 
(3) 4-bromoanilinium, (4) 4-trifluoromethoxyanilinium, (5) 4-iodoanilinium, (6) 4-methylbenzoateanilinium, 
and (7) 4-trifluoromethylanilinium. (C) Plot of the difference between [Ep,c(A)] and E1/2([Co(bdt)2]-)  versus 
logarithm of [Co(bdt)2-] concentration using one equivalent 4-chloroanilinium. Experimental data 
represented by blue dots, averages and standard deviations shown in red. 
While the trends observed upon varying acid pKa and [Co(bdt)2]- concentration are both qualitatively 
consistent with the anticipated trends for a KT2 waveform, a large degree of variability was observed in 
these data sets. While plotting the peak potential of A as a function of acid pKa shows a linear trend with a 
slope of 76 mV per pKa unit (Figure 2.2B), variance in both the location (10 – 40 mV) and broadness of 
peak A was observed during these trials. Furthermore, while a weak correlation (R2 = 0.83) between the 
peak shift and the logarithm of [Co(bdt)2]- concentration was observed, with a slope of 27 mV per decade, 
this is also accompanied by variability in peak potential between individual measurements (5 to 18 mV). 
Interestingly, the magnitude of variance appeared to increase with [Co(bdt)2]- concentration (Figure 2.2C). 
This irreproducibility suggested that feature A is governed by more complex events than purely total 
catalysis and that this side reactivity cannot be suppressed by tuning experimental parameters. 
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2.2.2 Optical Monitoring and Rinse Tests Reveal Protonation-Initiated Heterogenization 
Unable to suppress this parallel pathway(s), we decided to pinpoint the reactivity underpinning this 
variability. The increasingly erratic electrochemistry at higher acid concentrations suggested a protonation-
initiated side reaction was driving irreproducibility in the electrochemical data. One possibility is that, under 
highly acidic conditions, [Co(bdt)2]- can be protonated prior to reduction. UV-vis absorbance spectroscopy 
was used to determine whether protonation of [Co(bdt)2]- was possible. In the absence of acid, [Co(bdt)2]- 
absorbs strongly in the visible and near UV with prominent features at 360, 615, and 656 nm. Addition of 
p-cyanoanilinium (pKa = 7118) to a 0.25 mM solution of [Co(bdt)2]- results in the formation of black particles 
and the loss of solution absorbance. The magnitude of the solution bleaching is proportional to acid 
concentration; complete loss of UV-vis signal is observed after 30 minutes upon addition of >1 equivalents 
of p-cyanoanilinium under atmospheric conditions (Figure 2.3). The degree of solution bleaching varied 
slightly when the same experiment was performed under an inert atmosphere; incomplete consumption of 
[Co(bdt)2]- was observed when the same solution was monitored via UV-vis absorbance spectroscopy in a 
nitrogen-filled glovebox. The rate of solution bleaching is slower with weaker acids, as expected for a 
protonation-initiated reaction (Appendix A.2). Particulate precipitation was also observed with non-anilinium 
acids. Under atmospheric conditions, addition of 100 equivalents TFA (pKa = 12.65117) results in nearly 
complete solution bleaching after 30 minutes and the instantaneous precipitation of black particulates with 
a slower loss of signal also observed upon addition of 1 equivalent TFA (Appendix A.2). 
 
Figure 2.3 UV-vis absorbance spectra of 0.25 mM [Co(bdt)2]- in acetonitrile 30 minutes after the addition 
of p-cyanoanilinium under atmospheric conditions. Solutions were filtered prior to obtaining spectra to 
reduce scattering arising from the formation of black particles.  
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Visually monitoring electrodes soaked in a solution of [Co(bdt)2]- with 4-chloroanilinium in the 
absence of an applied potential suggested that a protonation-initiated reaction could also lead to film 
formation; the working electrode surface becomes increasingly discolored with a black film with longer soak 
times (Appendix A.2). Rinse test (see Section 1.3.3) s were conducted in the absence of an applied potential 
to evaluate whether an electrode-adsorbed electroactive species is generated under acidic conditions. A 
freshly polished and pretreated electrode was soaked in a 2.5 mM [Co(bdt)2]- solution containing 1 
equivalent 4-chloroanilinium for 30 minutes, rinsed with CH3CN, and then scanned in an electrolyte only 
solution. The cyclic voltammogram in the electrolyte-only solution contains three features, evidence that 
supports formation of an electroactive, adsorbed material (Figure 2.4A).  
A second set of rinse tests were conducted to determine whether the film displayed any additional 
reactivity in the presence of acid. Freshly polished electrodes were soaked in a solution of 2.5 mM 
[Co(bdt)2]- with 1 equivalent 4-chloroanilinium, rinsed with CH3CN, and scanned in an electrolyte solution 
containing only 4-chloroanilinium (Figure 2.4B, Appendix A.3). Multiple redox features (E, F, G, H) are 
observed in the cyclic voltammogram in the acid-only solution all of which are more positive than the 
potential for direct reduction of 4-chloroanilinium by glassy carbon.48 Crucially, no voltammetric response 
was observed in the rinse test if the electrode was soaked in a solution containing only [Co(bdt)2]- or a 
solution containing only acid (Appendix A.3). These series of control studies indicate that an electroactive 
material is only deposited upon treatment of the electrode in a solution containing both [Co(bdt)2]- and 4-
chloranilinium. Additional rinse tests were conducted with 4-bromoanilnium and a series of non-anilinium 
acids to determine whether film formation is specific to 4-chloroanilinium. Working electrodes were soaked 
in a solution containing [Co(bdt)2]- and 1 equivalent of either 4-bromoanilnium, TFA, toluenesulfonic acid 
(pKa = 8.6119), or (trichloro)acetic acid (pKa = 10.56117). The electrodes were then rinsed with CH3CN and 
used to collect a voltammogram in an electrolyte solution containing the same acid that was used to form 
the film. Voltammetric responses could be observed in all rinse tests (Appendix A.3), confirming that film 




Figure 2.4 (A) Cyclic voltammogram recorded in an electrolyte only solution using a freshly polished 
electrode (blue trace) and an electrode treated in a solution of 2.5 mM [Co(bdt)2]- and 2.5 mM 4-
chloroanilinium for 30 min (black trace). (B) Cyclic voltammograms recorded in a 2.5 mM 4-chloroanilinium 
electrolyte solution using electrodes treated with 2.5 mM [Co(bdt)2]- and 2.5 mM 4-chloroanilinium. 
Pretreatment times ranged from 15 seconds to 10 minutes. 
Next, rinse tests were conducted to determine how the electrochemical response of the film varied 
as a function of the amount of time the electrode was soaked in an acidic solution of [Co(bdt)2]-. The 
electrode was soaked in a solution of 2.5 mM [Co(bdt)2]- with 1 equivalent 4-chloroanilinium for times 
ranging from 15 seconds to 20 minutes, rinsed with CH3CN, and used to collect voltammograms in a 
solution of 2.5 mM 4-chloroanilinium (Figure 2.4B, Appendix A.3). The formation of an electroactive, 
electrode-adsorbed material was observed after soaking the working electrode for only 15 seconds and the 
electrochemical response of the film evolved as a function of soak time. This data shows that the film is 
formed on an experimentally relevant timescale and suggests that this reactivity may contribute to the 
variability observed in voltammograms collected under catalytic conditions (Figure 2.2B). Of particular 
interest was the redox feature E because it overlapped with the putative catalytic wave A observed in 
catalytic voltammograms collected under comparable conditions (i.e., 2.5 mM [Co(bdt)2]- with 1 equivalent 
4-chloroanilinium) (Figure 2.5A). As the soak time used during rinse tests was increased, the current of 
redox feature E increased in a non-linear manner (Figure 2.5B). The peak potential of E also varied 
somewhat as a function of soak time, spanning a potential range of ca. 25 mV (-0.994 V to -1.020 V). This 
suggests that the variance in the location and broadness of redox feature A can be at least partially 




Figure 2.5 (A) Cyclic voltammogram of 2.5 mM [Co(bdt)2]- and 2.5 mM 4-chloroanilinium pre-treatment 
solution (black trace) overlayed with cyclic voltammogram of 2.5 mM 4-chloroanilinium solution obtained 
with an electrode that had been pre-treated 10 min (blue trace). (B) Rinse test current (blue) and potential 
(red) of peak E recorded as a function of pre-treatment time. Dashed lines indicate the current and potential 
of prewave A for the 2.5 mM [Co(bdt)2]- and 2.5 mM 4-chloroanilinium solution used to pretreat the 
electrodes. Cyclic voltammogram of pre-treatment solution obtained with an electrode that was submerged 
in the solution for less than 90 seconds. 
Optical monitoring and rinse tests provide strong support for a reaction scheme in which protonation 
of [Co(bdt)2]- upon addition of acid leads to formation of both the black particulates and electrode film. The 
increased rate of precipitation as acid strength is increased (Figure 2.3, Appendix A.2) further supports this 
conclusion. We also considered the possibility that precipitation is promoted by exchange of the [NBu4]+ 
cation of [NBu4][Co(bdt)2] with cationic anilinium acids in solution. This is not supported by studies showing 
that precipitation and film formation is also observed with neutral acids such as TFA, (trichloro)acetic acid, 
and tosic acid (Appendix A.2 and A.3). To investigate whether cation exchange contributes to the formation 
of the heterogeneous material when using cationic acids, N,N,N-trimethylbenzenaminium tetrafluoroborate 
([BF4][An-(CH3)3]), the N-methylated analogue of anilinium, was synthesized. One would anticipate that 
[BF4][An-(CH3)3] would form the black particulates and film if precipitation was the result of cation exchange. 
However, no precipitation or bleaching of the [Co(bdt)2]- signal was observed via UV-vis absorbance 
spectroscopy upon addition of up to 25 equivalent [BF4][An-(CH3)3] (Appendix A.4) and rinse tests using 
electrodes pretreated in [Co(bdt)2]- and 1 equivalent [BF4][An-(CH3)3] showed only a small increase in 
current (Appendix A.4), which control experiments demonstrate can be attributed to the deposition of 
[BF4][An-(CH3)3] (Appendix A.4). These rinse tests indicate that cation exchange is not the operative 
mechanism associated with film/particulate formation. 
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2.2.3 Investigating the Structure of the Black Precipitate and Film 
The synchrony of black particle formation and deposition suggested that the black particles and the 
electrode-adsorbed species were the same material. X-ray photoelectron spectroscopy (XPS) was used to 
further investigate the composition of the film and insoluble material (Appendix A.5). To prepare film 
samples, glassy carbon plates were soaked in a solution of [Co(bdt)2]- and 1 or 2 equivalents p-
cyanoanilinium for 1 week and then rinsed with acetonitrile. Samples of the black particulates were prepared 
by filtering a solution of [Co(bdt)]- and 2 equivalents p-cyano-anilinium that had been left to stir for one 
week, washing the resulting material with acetonitrile, and dropcasting the material onto a glassy carbon 
plate. These samples were compared to the XPS of dropcast [NBu4][Co(bdt)2] (Appendix A.5).  
XPS analysis of the film and particles showed that all samples contained cobalt, sulfur, and 
nitrogen. The peaks in the Co 2p, S 2p, and N 1s region overlap for all samples, providing evidence that 
the film and black particles are the same material (Figure 2.6, Appendix A.5). The Co 2p region for the XPS 
spectra of the film, particles, and molecular [Co(bdt)2]- contain only one doublet, indicating that only one 
type of cobalt species is present (Figure 2.6A, Appendix A.5). The S 2p region of dropcast [NBu4][Co(bdt)2] 
(Figure 2.6B) contains a single doublet indicating that only one type of sulfur is present, as expected given 
the symmetry of the molecule. By contrast, the S 2p region of the film and particle samples contains a broad 
doublet with a higher binding energy than that seen for [Co(bdt)2]- (Figure 2.6B). Further analysis of the S 
2p region of the film and particle samples shows that the peak is comprised of multiple overlapping doublets 
indicating that more than one sulfur environment exists. It is notable that rinse tests where a working 
electrode was submerged in a solution of suspended black particles showed minimal binding of the 
precipitated material onto the glassy carbon electrode, suggesting that direct nucleation of the material on 




Figure 2.6 High resolution XPS spectra of the (A) Co 2p region and (B) S 2p region for dropcast [Co(bdt)]- 
(blue trace), film formed with 1 equivalent p-cyano-anilinium (green trace), film formed with 2 equivalents 
p-cyano-anilinium (black trace), and dropcast black particles (red trace).  
Prompted by the similarities in the XPS of the heterogeneous deposits and molecular [Co(bdt)2]-, 
more rigorous characterization of the black particulates and film was attempted. The insolubility of the 
particulates and films in a diverse array of solvents as well as the non-crystalline nature of the particulates 
precluded characterization of this material by more traditional means. Rinse tests showed that the film is 
stable under acidic and basic conditions (Appendix A.6), but readily desorbs as a diffusional species upon 
application of reducing potential in an electrolyte-only solution (Figure 2.7A). The nature of this desorption 
product was analyzed with the goal of gaining greater insight into the heterogeneous material. A 10 cm x 
20 cm x 2 cm glassy carbon plate was submerged in a solution of [Co(bdt)2]- and p-cyanoanilinium for one 
week, rinsed and then subjected to reducing conditions in a pure electrolyte solution (Appendix A.6). The 
UV-vis absorbance spectrum of the electrolyte after application of a reducing potentials contained peaks 
located at nearly identical positions as the spectrum for [Co(bdt)2]-, suggesting that [Co(bdt)2]- was 
regenerated in its molecular form (Figure 2.7B). Chemical reduction of the isolated black particles, formed 
with either anilinium or non-anilinium acids, by benzophenone radical anion (Eo′ = –2.2 V vs Fc+/0)120 
corroborated these results; UV-vis absorbance spectrum of the resulting solution also contained features 
with nearly identical peak positions, supporting the regeneration of molecular [Co(bdt)2]- (Figure 2.7C). 
While the relative absorbance of the peaks at 615 and 656 nm were consistent with [Co(bdt)2]- for spectra 
collected after both electrochemical reduction of the film or chemical reduction of the black particulates, the 
feature at 360 nm was slightly elevated in both cases. This discrepancy may be the results of residual 
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conjugate base (e.g., p-cyanoanilinium absorbs below 330 nm) or, in the case of the chemically reduced 
samples, benzophenone which absorbs weakly between 380-310 nm and strongly below 310 nm. 
 
Figure 2.7 (A) Electrochemistry of a film-modified electrode. A 10 cm x 20 cm x 2 cm glassy carbon plate 
was soaked in a solution of [Co(bdt)2]- and p-cyanoanilinium for 1 week and rinsed with acetonitrile. Linear 
sweep voltammogram collected in 0.25 M [NBu4][PF6] acetonitrile shows a large, amorphous stripping 
current (blue). If the same plate is used to collect a second linear sweep voltammogram in the same 
solution, the resulting wave resembles that of a diffusion-controlled species (red). Background 
voltammogram of a freshly polished and pretreated plate shown for comparison (grey). All voltammograms 
collected at 0.2 V s-1 in 0.25 M [NBu4][PF6] acetonitrile and are not referenced to Fc+/0. (B) Normalized UV-
vis absorbance spectrum of electrolyte solution after application of reducing potentials to a 10 cm x 20 cm 
x 2 cm glassy carbon plate that had been soaked in a solution of [Co(bdt)2]- and p-cyanoanilinium for 1 
week (blue) overlaid with spectrum of 0.25 mM solution of [Co(bdt)2]- in CH3CN (red). (C) UV-vis absorbance 
spectrum of a solution of benzophenone radical anion and black particles in CH3CN shows regeneration of 
[Co(bdt)2]- upon chemical reduction of black particles, formed with either 5 mM [Co(bdt)2]- and 2 equivalents 
p-cyanoanilinium (blue) or 0.5 mM [Co(bdt)2]- and 100 equivalents TFA. 
The regeneration of molecular [Co(bdt)2]- upon reduction of the film or particles suggests that 
[Co(bdt)2]- does not undergo irreversible degradation or demetallation upon addition of acid and that, 
instead, protonation of [Co(bdt)2]- instigates a solubility change which leaves the integrity of the molecular 
intact. *The break in the symmetry in the S 2p region observed in the XPS spectra of the film and 
particulates suggests that one or more of the sulfur sites has been protonated (Figure 2.6B, Appendix A.5). 
After our original report, a similar pathway – in which protonation results in precipitation of the molecular 
species which is regenerated upon reduction – was proposed for the selenium-only analogue of [Co(bdt)2]-
.34 This reaction pathway would also be in line with prior reports on [Fe(bdt)2]2- which dimerizes and 
precipitates as a blue-grey solid upon protonation. However, in this case, H2 is released in the absence of 
an external reductant to generate a dimer composed of two [FeIII(bdt)2]- units.121 This behavior is in stark 
contrast to the [Ni(bdt)2]- analogue which irreversible degrades under reducing and protic conditions to 
generate a Ni-S film.89  
While these results show that the presence of acid is necessary to instigate heterogenization of 
[Co(bdt)2]-, it does not clarify whether this event is a complete protonation or whether the molecular acid is 
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coordinated to the metal center. This information could also not be definitely gleaned from XPS (Appendix 
A.5). However, rinse tests were able to provide indirect insight into the role of acid during film formation. In 
these trials, electrodes were soaked in a solution containing 2.5 mM [Co(bdt)2]- and either TFA, HCl, or 4-
chloroanilinium. The electrodes were then rinsed and used to collect voltammograms in a solution 
containing 2.5 mM 4-chloroanilinium. For all three modification procedures, the resulting rinse test 
voltammograms had comparable shapes, but the peak potential for feature E was different. This 
experimental procedure was repeated using four different anilinium acids in the scanning solution, but 
keeping the acids used during film formation the same (Appendix A.3). The same general trend was 
observed across these trials: the peak potential of E became more positive as the acid pKa of the anilinium 
in the scanning solution decreased (Figure 2.8). However, in all cases, the actual peak potentials of E were 
different for films formed with different acids (Figure 2.8B). This suggests that the redox properties of the 
film is acid dependent, however this does not allow us to distinguish whether the acid is incorporating in the 
film structure. Even without precise information about the structure of the reaction intermediate, the 
formation of the intermediate upon protonation and the regeneration of the complex upon reduction allows 





Figure 2.8 Comparison of rinse test data for of films formed with para-substituted anilinium and non-
anilinium acids. Working electrodes were pretreated in a solution of 2.5 mM [Co(bdt)2]- and 1 equivalent of 
either 4-chloroanilinium (blue), (trifluoro)acetic acid (green), or HCl (purple). Electrodes were then rinsed 
with acetonitrile and used to collect a cyclic voltammogram in a solution containing 2.5 mM of either (1) 
anilinium, (2) 4-chloroanilinium, (3) 4-bromoanilinium, (4) 4-trifluoromethoxyanilinium, (5) 4-
methylbenzoateanilinium. The peak potential for feature E is plotted as a function of the pKa of the anilinium 
acid used in the scanning solution. Rinse tests with TFA and HCl were not performed with (2) or (4). All 
voltammograms were collected at 0.2 V s-1  in 0.25 M [NBu4][PF6] acetonitrile. 
2.2.4 Mechanistic Considerations 
Eisenberg and coworkers reported that addition of trifluoroacetic acid or p-toluenesulfonic acid to 
a 1:1 CH3CN/H2O solution of [Co(bdt)2]- triggers the appearance of a catalytic wave that grows from the 
[Co(bdt)2]-/2  reversible couple at -1.01 V vs Fc+/0. Controlled potential coulometry experiments at –1.01 V 
confirmed that the current enhancement corresponds to hydrogen production, demonstrating that 
[Co(bdt)2]- is an active electrocatalysts in aqueous media. Cyclic voltammograms in dry organic solvents, 
CH3CN or DMF, showed similar behavior, though smaller current enhancements were observed. In 
addition, [Co(bdt)2]- was reported to be an active photocatalyst for visible light driven hydrogen evolution.110  
Through experiments reported in this work, we found that addition of acid to a solution of [Co(bdt)2]- 
in CH3CN results in the formation of an electrode adsorbed film. The regeneration of [Co(bdt)2]- – a known 
hydrogen evolution catalyst in acetonitrile – upon application of reducing potentials suggests that the 
reduction of the electrode-adsorbed species generates hydrogen. Based on these experiments, several 
catalytic mechanisms can be postulated. The formation of the electrode adsorbed material upon acid 
addition suggests that the first step involves protonation of [Co(bdt)2]- to yield either a singly or doubly 
protonated species, [Co(bdt)2-n(bdt-H)n]n-1 where n = 1 or 2 respectively. It should be emphasized that 
though written as complete protonation, it is possible that the molecular acid is coordinated to the metal 
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center. Addition of acid also results in the precipitation of insoluble black particles, which may form in 
different sizes. Application of a potential to the electrode adsorbed [Co(bdt)2-n(bdt-H)n]n-1 or chemical 
reduction of the [Co(bdt)2-n(bdt-H)n]n-1 particles in the absence of acid reduces the protonated intermediate 
to regenerate [Co(bdt)2]-. This evidence is highly suggestive that hydrogen is forming, however it should be 
noted that we were not able to detect hydrogen via 1H NMR upon addition of benzophenone radical to a 
solution of black particles in CD3CN. This is not unexpected as the absence of acid meant that the system 
was not under catalytic conditions and thus the amount of H2 produced may have been too low to be 
detected. 
After formation of the protonated intermediate, two pathways for the H2 forming step in the absence 
of acid are possible, depending on whether [Co(bdt)2]- is initially singly or doubly protonated. If the doubly 
protonated species [Co(bdt-H)2]+ is formed, a monometallic pathway could occur where [Co(bdt-H)2]+ could 
be doubly reduced upon application of a potential to generate H2 via an intramolecular pathway (A). If the 
singly protonated [Co(bdt)(bdt-H)] species is formed, then a bimetallic pathway can be imagined in which 
two electrode-adsorbed species are reduced upon application of a potential and subsequently react 
homolytically to release H2 and reform two equivalents of [Co(bdt)2]-. (Scheme 2.3B) It is also possible that 
intermolecular interactions between the protonated intermediate occurs. Though this will impact the 
stoichiometry of the intermediate, H2 formation can still proceed via a monometallic or bimetallic pathway.   
Scheme 2.3 | Possible HER mechanisms for [Co(bdt)2]- via an electrode adsorbed intermediate 
 
Computational studies had been previously reported which investigated the electrochemical 
reaction pathway for H2 evolution by [Co(bdt)2]- and its derivatives.111 These studies suggested that 
protonation of [Co(bdt)2]- prior to reduction was unlikely. Instead, the first step in the mechanism for H2 
evolution was assumed to involve reduction to [Co(bdt)2]2-. Our experimental work indicates that the 
unreduced species is sufficiently reactive in the presence of acid that protonation can indeed be the first 
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step in the catalytic cycle. However, this does not preclude the mechanism postulated in the computational 
mechanistic study for [Co(bdt)2]-. For one, mechanistic calculations for [Co(bdt)2]- were performed in 1:1 
CH3CN/H2O while this experimental work was performed in CH3CN. The presence of water often has a 
drastic impact on the electrochemistry of a complex, including influencing the mechanism of catalysis,25,116 
and it is currently unclear how water would affect the rate and equilibrium of protonation of [Co(bdt)2]-.  
An additional consideration is acid strength. The mechanism of H2 evolution has been shown to be 
dependent on acid strength for other H2 evolution catalysts.33 As the rate of black particle formation was 
found to depend on time, acid source pKa, and acid concentration, it is possible that reactions involving 
electrode-adsorbed intermediates will be in competition with purely solution-based mechanisms. The 
utilization of sufficiently weak acids could disfavor protonation of the unreduced form resulting in the 
dominance of the reduction initiated mechanism. Using stronger acids could then result in the pathways 
operating in parallel or result in the dominance of the protonation-initiated pathway. This could explain the 
increasingly erratic electrochemistry observed at high acid concentrations. Though the mechanistic 
hypotheses postulated in this work are intriguing, the adsorption and desorption of the redox active 
electrode adsorbed species [Co(bdt)2-n(bdt-H)n]n-1 leads to complex electrochemistry which precludes clear 
mechanistic analysis via currently available electroanalytical models which do not consider the possibility 
of phase change within a catalytic cycle.  
While formation of an electrode-adsorbed intermediate in the catalytic cycle for H2 evolution is an 
interesting hypothesis in and of itself, it also has important implications for the analysis of seemingly 
homogeneous species. While we were fortunate in that protonation-initiated precipitation allowed for easy 
exacerbation of this reactivity by addition of excess and/or strong acids, formation which requires electron 
transfer or electron transfer followed by a chemical step would be more difficult to identify especially when 
using non-destructive techniques like cyclic voltammetry. We were also fortunate that this material was 
strongly-adsorbed, thereby facilitating surface characterization via XPS and rinse tests. Weakly-adsorbed 
or metastable materials would prove far more challenging to detect. However, identification of this reactivity 
is critical for accurate interpretation of electrochemical data because current electroanalytical models 
assume that catalysis is enacted by a purely homogeneous or heterogeneous species and cannot account 
for solubility changes. In lieu of a rigorous mathematical model for identifying this reactivity from 
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electrochemical data, it is critical for researchers to remain vigilant for qualitative signs for solubility changes 
(see Section 1.3.2) or turn to in situ detection methods that can allow deposition or precipitation to be 
identified during an electrochemical experiment. 
2.3 Conclusion 
[Co(bdt)2]–, known to mediate the electrocatalytic production of hydrogen, was investigated in 
CH3CN using a series of para-substituted anilinium acids to ascertain the reaction pathway through which 
hydrogen is evolved. In the course of examining the reaction mechanism, large variation was seen in the 
potential of the putative catalytic wave. Rinse tests confirmed that a redox active species adsorbed to the 
electrode only in the presence of acid and that adsorption also occurs upon addition of non-anilinium acids, 
including neutral acids such as TFA and HCl. When an electrode coated with the adsorbed film was scanned 
in an acid-containing solution, pronounced features were observed. The peak potential of this film-based 
redox feature was dependent on the amount of time the electrode spent in an acidic solution of [Co(bdt)2]-, 
making it a viable explanation for the observed peak variance. 
These studies revealed that addition of acids to a CH3CN solution of [Co(bdt)2]- results in the rapid 
formation of a black powder and adsorption of a redox active material onto glassy carbon electrodes, 
precluding rigorous mechanistic analysis using electrochemical techniques which are derived for purely 
homogeneous catalysts, cleanly surface-anchored catalysts, or purely heterogeneous catalysts. Applying 
a potential to the electrode adsorbed film results in the loss of the adsorbed species and optical analysis of 
the resulting solution indicates that the molecular species [Co(bdt)2]- has been regenerated in solution. 
Based on this interesting result, it is proposed that [Co(bdt)2]- catalyzes H2 evolution via an electrode 
adsorbed intermediate which maintains its molecular nature in the film.  
2.4 Experimental 
2.4.1 General Considerations 
All reactions were performed using either standard Schlenk or glovebox techniques. Acetonitrile 
(Fisher Scientific, HPLC grade, >99.9%) was degassed with argon and dried using a Pure Process 
Technology solvent system. Water for polishing was obtained from a Milli-Q system. Tetrabutylammonium 
hexafluorophosphate (TCI, > 98%) was recrystallized from hot EtOH, washed with cold ethanol, and dried 
under vacuum for 8 hours at 80⁰C.  
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Procedure for synthesis and recrystallization of [NBu4][Co(bdt)2] was adapted from literature 
methods where the only deviation involved substitution of potassium metal for sodium.122 Identity was 
confirmed by UV-vis absorbance spectroscopy. Absorbance measurements were taken using an Agilent 
Cary 60 UV-vis spectrometer under atmospheric conditions. Anilinium tetrafluoroborate,48 4-
methoxyanilinium tetrafluoroborate,48 4-tert-butylanilinium tetrafluoroborate,48  4-chloroanilinium 
tetrafluoroborate,48 4-trifluoromethoxyanilinium tetrafluoroborate,28 4-iodoanilinium tetrafluoroborate,116 4-
(methylbenzoate)anilinium tetrafluoroborate,28 4-trifluoromethylanilinium tetrafluoroborate28 and N,N,N-
trimethylbenzenaminium tetrafluoroborate123 were prepared as reported. 
X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD X-ray 
Photoelectron Spectrometer. Spectra were obtained with a monochromatic Al Kα X-ray source, and survey 
and high resolution scans were obtained with pass energies of 80 and 20 eV respectively. All spectra were 
corrected to the C 1s peak at 284.6 eV.  
2.4.2 Electrochemical Methods 
All electrochemical measurements were performed in a nitrogen-filled glovebox, using electrode 
leads that were fed through a custom port and connected to a Pine Instruments WaveDriver potentiostat. 
A three-electrode cell was used for all experiments, utilizing glassy carbon working and counter electrodes 
(CH Instruments, either 3 mm or 1 mm diameter) and a silver wire pseudoreference that had been immersed 
in a glass tubed fitted with a porous Vycor tip and filled with a 0.25 M [NBu4][PF6] acetonitrile solution. A 3 
mm working electrode is used unless specifically noted. The glassy carbon electrodes were polished using 
a Milli-Q water slurry of 0.05 µm polishing powder (CH Instruments, containing no agglomerating agents), 
rinsed and sonicated in Milli-Q water, and rinsed with acetone. Working electrodes were electrochemically 
pretreated with three cyclic scans between 0.5 V to -2.5 V (approximately) at 0.2 V s-1 in 0.25 M [NBu4][PF6] 
acetonitrile solution. For anilinium titrations, cyclic voltammograms were obtained using a clean, pretreated 
working electrode and anilinium was sequentially titrated into the same solution of [Co(bdt)2]-. For all other 
experiments, cyclic voltammograms of [Co(bdt)2]- with acid were obtained using a clean, pretreated working 




CHAPTER 3.  Reversing the Electrochemically-Driven Heterogenization of Molecular Transition 
Metal Complexes via Redox Mediators 
 
3.1 Introduction 
 Homogeneous, molecular transition metal complexes have potential widespread applications as 
charge carriers in electrochemical energy storage technologies.124–127 Redox active transition metals that 
can mediate multi-electron redox reactions are of particular interest both as catalysts for multi-step fuel-
forming reactions and in energy storage systems like redox flow batteries where they have the potential to 
enable high energy densities at modest concentrations. An important consideration is that the properties of 
these redox active complexes can vary considerably upon traversing different redox states and care must 
be taken to ensure that each relevant redox state is compatible with the various components of the 
electrochemical system (e.g., solvent, supporting electrolyte).128,129 One challenge is the possibility of 
solubility changes where one (or more) of the redox states of the transition metal complex has reduced 
solubility in the solvent of interest.29,34,62 In contrast to heterogenization associated with a degradation 
reaction, these solubility changes are reversible because the species formed upon reduction or oxidation 
precipitates and deposits on the electrode surface while maintaining the integrity of the molecular core.  
The reverse redox process which regenerates the soluble transition metal complex will be facile if electronic 
communication is maintained between the electrode and the resulting precipitated species. However, this 
recovery process can be a practical challenge if heterogenization of the molecular complex results in 
sluggish electron transfer kinetics.  
Herein, we demonstrate how freely diffusing molecular redox shuttles can be used to catalytically 
enhance the otherwise challenging transfer of electrons between an active electrode material and a 
transition metal that is insoluble in its fully reduced form. The redox shuttle mediates the oxidation of the 
poorly conducting film adhered to the electrode surface, ultimately regenerating the soluble, oxidized form 
of the complex. This example of electrochemically-driven solubility cycling is based on the two-electron 











tetraphenyl-1,5-diaza-3,7-diphosphacyclooctane; abbreviated [Ni(PPh2NPh2)2]2+; Scheme 3.1) in 
acetonitrile.32,33 The doubly-reduced, neutral species, [Ni(PPh2NPh2)], has limited solubility in acetonitrile and 
rapidly precipitates on the electrode surface as an inhibiting, heterogeneous material which remains 
molecular in nature. This self-inhibition reactivity results in cyclic voltammograms which are highly sensitive 
to the concentration of [Ni(PPh2NPh2)2]2+, with the inert deposits completely blocking electron transfer when 
working at high concentrations.72 While the forward reaction to generate heterogeneous [Ni(PPh2NPh2)2] is 





)2] and the electrode. However, the rate of this re-solubilization can be greatly enhanced through 





)2]2+ from these inert deposits. We envision that the fundamental understanding of the interfacial 
redox process presented here could lead to new strategies to facilitate challenging electron transfers to 
electrode-adsorbed materials as well as aide in the solubilization of suspended nanoparticles when coupled 
with hydrodynamic set-ups like electrochemical flow cells. 
Scheme 3.1 | Structure of [Ni(PPh2NPh2)2]2+ 
 
3.2 Reduction-initiated chemical reactivity of [Ni(PPh2NPh2)2]2+  
3.2.1 Cyclic voltammetry of [Ni(PPh2NPh2)2]2+  
Two one-electron cathodic features are observed in the cyclic voltammogram of [Ni(PPh2NPh2)2]2+ in 
acetonitrile at ca. -0.83 V and -1.03 V (all values reported versus Fc+/0 couple) corresponding to the NiII/I 
and NiI/0 reductions, respectively.33,130 When examining the concentration dependence of these 
voltammetric features at a constant scan rate (0.1 V s-1), three limiting regimes were identified.  
Regime 1 At low concentrations (ca. [[Ni(PPh2NPh2)2]2+] ≤ 0.5 mM), both the NiII/I and NiI/0 redox couples are 
electrochemically and chemically reversible (Figure 3.1A). Scan rate dependence studies show a linear 
relationship between the cathodic peak current for both couples and 𝜐1 2⁄ , as predicted by the Randles-
Sevcik equation for a homogeneous species (Appendix B.1).  
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Regime 2 As concentration is increased (ca. 0.5 mM < [[Ni(PPh2NPh2)2]2+] ≤ 3 mM), the chemical reversibility 
for both redox couples is increasingly lost (Figure 3.1A). While the peak currents for the anodic features 
progressively decrease, the cathodic peak currents maintain the anticipated linear dependence on 
concentration and 𝜐1 2⁄  (Appendix B.1). Upon increasing the scan rate, the redox couples regain reversibility 
(Figure 3.1B and Appendix B.1).  
 
Figure 3.1 (A) Concentration dependence studies for [Ni(PPh2NPh2)2]2+. Cyclic voltammograms recorded in 
a solution of 0.5 mM [Ni(PPh2NPh2)2]2+ (red) contain two chemically reversible redox couples. The reversibility 
of these couples is increasingly lost as the concentration is increased up to 2 mM (grey to blue). 
Voltammograms obtained in 0.25 M [NBu4][PF6]  acetonitrile at 0.1 V s-1 and normalized to concentration of 
[Ni(PPh2NPh2)2]2+. (B) Scan rate dependence studies collected in a solution of 3 mM [Ni(PPh2NPh2)2]2+. The 
reversibility of both redox couples is regained as the scan rate is increased from 0.1 V s-1 (blue) up to 5 V 
s-1 (grey to red). Voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile and normalized to υ1 2⁄ .  
Regime 3 At high concentrations (ca. [[Ni(PPh2NPh2)2]2+] > 3 mM), the NiI/0 cathodic feature transitions from 
a diffusional peak – consistent with a homogeneous species – to a sharp, symmetric feature (Figure 3.2A 
and Appendix B.1). The cathodic peak current for the NiI/0 wave no longer linearly depends on concentration 
(Appendix B.1) and is higher than the current predicted for a reversible redox couple (Figure 3.2A). In 
contrast, the NiII/I cathodic feature remains diffusional in nature (Figure 3.2A) and its peak current still 
linearly depends on concentration (Appendix B.1). At potentials negative of the NiI/0 redox feature, the 
current continues to decay until complete current inhibition is observed (Figure 3.2B). At ca. –0.8 V on the 
return scan, some amount of current is regained, a phenomenon that is discussed in detail below. 
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Increasing scan rate distorts the symmetry of the NiI/0 cathodic peak which ultimately broadens into a shape 
more akin to that of a diffusion-controlled feature (Figure 3.2B). Upon reaching sufficiently fast scan rates, 
current inhibition is no longer observed and the characteristics of the redox couples increasingly resemble 
the voltammogram described for regime 2.  
 
 
Figure 3.2 (A) Comparison of an experimentally obtained cyclic voltammogram at 10 mM [Ni(PPh2NPh2)2]2+ 
(red) to the theoretical voltammogram that would be obtained in the absence of a coupled chemical step 
(blue). Experimental voltammograms recorded at 0.1 V s-1. Theoretical voltammogram obtained via digital 
simulation of two successive one-electron reductions of a species P with redox couples at E1/2 = -0.83 and 
-1.03 V. Both electron transfers set at 10000 cm s-1 with α = 0.5, scan rate as 0.1 V s-1, and concentration 
of P as 0.01 M. Diffusion coefficient of all species set at the experimentally determined value of 5.9 x 106 
cm2 s-1 (Appendix B.1). Simulated with DigiElch 8.FD. (B) Scan rate dependence studies at 10 mM 
[Ni(PPh2NPh2)2]2+. Cyclic voltammograms recorded across scan rates ranging from 0.025 V s-1 to 5 V s-1 (red 
to blue) and normalized to υ1/2. All experimental voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile. 
3.2.2 Formation of [Ni(PPh2NPh2)2] leads to heterogeneous deposits on electrode surface 
In regime 2, the anodic features of the NiII/I and NiI/0 redox couple are lost while the cathodic features 
remain diffusional in nature and still linearly depend on concentration and 𝜐1 2⁄  (Figure 3.1A and Appendix 
B.1), behavior consistent with an EEC reaction pathway in which the two successive one-electron transfers 
to generate [Ni(PPh2NPh2)2] are followed by an irreversible chemical transformation.14,15 Scan rate 
dependence studies provide further support for an EEC mechanism: as scan rate is increased, both redox 
couples transition from chemically irreversible peaks back to their reversible unperturbed Nernstian 
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waveforms observed in regime 1 (Figure 3.1B and Appendix B.1). At these faster scan rates, the kinetics 
of the chemical reaction become increasingly slow relative to the experimental timescale, leaving more 
[Ni(PPh2NPh2)2] available for oxidation at the electrode surface.13,24 Chronoamperometry experiments 
monitoring the amount of  product generated as a function of applied potential (see Appendix B.2 for a more 
detailed explanation) further support a reaction scheme in which the coupled chemical step proceeds only 
after two sequential reductions of [Ni(PPh2NPh2)2]2+ to form [Ni(PPh2NPh2)2]. The degree of chemical 
irreversibility becomes more pronounced as [Ni(PPh2NPh2)2]2+ concentration increases indicating that two or 
more [Ni(PPh2NPh2)2] molecules are involved in the follow-up chemical step (Figure 3.1A).  
In regime 3, the combination of a sharp, symmetric peak followed by complete current inhibition is 
qualitatively consistent with mathematical models describing the formation of a heterogeneous species that 
passivates the electrode surface, such that the area of the electrode covered in these “blocking islands” is 
totally inhibited towards electron transfer (see Section 1.3.1).13,72 Inspection of working electrodes after 
electrochemical measurements provided further evidence for film formation; working electrodes became 
visibly discolored after being held at potentials negative of the NiI/0 couple (Appendix B.2). The weakly-
adsorbed nature of this material – which will dissolve or desorb when rinsed or left to equilibrate in a solution 
without [Ni(PPh2NPh2)2]2+ (see Appendix B.3 for a more detailed discussion) – precluded more rigorous 
analysis of the structure and morphology of this film via traditional surface characterization techniques like 
XPS.62,71  
Repetitive cycling experiments provide further evidence for electrode fouling (i.e., modification of 
the electrode surface by deposition of electrolysis products) and indicate that this material will remain 
adsorbed to the electrode when maintained in appropriate conditions. As cyclic voltammetry is a non-
destructive technique, collecting multiple scans of a homogeneous redox-active species with the same 
electrode should yield identical results, assuming the diffusion layer is refreshed between scans.14 
Irreproducibility from scan to scan will be observed if the deposition of heterogeneous materials during the 
voltammogram modifies the properties of the electrode, resulting in changes to the electroactive surface 
area or electron transfer kinetics.48,62,72 In these experiments, a series of voltammograms were collected in 
which the potential was cycled between -0.5 V and -1.35 V at 0.1 V s-1. Between scans, the solution was 
mixed to refresh the diffusion layer with no bias applied to the electrode during mixing. At high 
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concentrations of [Ni(PPh2NPh2)2]2+, drastic changes to the electrochemical response were observed with 
each additional cycle (Figure 3.3) with more subtle changes observed during analogous experiments 
performed at lower concentrations (Appendix B.2). When reproducing this experiment, drastic changes 
were consistently observed cycle-to-cycle within a single experiment, but the exact evolution of these 
voltammetric responses as a function of scan number differed experiment-to-experiment (Appendix B.2). 
While this irreproducibility makes extracting quantitative information from repetitive cycling unviable, it does 
not detract from the conclusion that a deposited material is generated upon electrolysis which remains at 
least partially adsorbed when maintained in appropriate conditions.  
 
Figure 3.3 Repetitive cycling experiments confirm that the electrode properties can be modified over the 
course of a single electrochemical measurement. Electrodes were polished and pretreated at the start of 
the data set and all subsequent voltammograms were collected using the same electrode without polishing 
between scans. The solution was stirred between scans to refresh the diffusion layer. Rapid changes can 
be observed in each subsequent voltammogram collected at 10 mM [Ni(PPh2NPh2)2]2+: scan 1 (grey), 2 (dark 
blue), 3 (light blue), 4 (green), 5 (yellow), 6 (orange), and 7 (red). Voltammograms recorded in 0.25 M 
[NBu4][PF6] acetonitrile at 0.1 V s-1. 
3.2.3 Mechanism of electrodeposition 
The concentration dependent cyclic voltammetry data support the basic mechanistic proposal 
described in Scheme 3.2; electrochemical analysis in regime 2 supports an EEC mechanism in which the 
two-electron reduction to generate [Ni(PPh2NPh2)] is coupled to a follow-up chemical reaction while cyclic 
voltammetry in regime 3 shows that this coupled chemical step generates a surface-adsorbed film which 
can passivate the electrode surface. The concentration dependence of this voltammetry shows that this 




Scheme 3.2 | EEC mechanism for formation of surface-adsorbed species, where A = [Ni(PPh2NPh2)2]2+ 
𝐴 + 𝑒− ⇌ 𝐵 (1) 
𝐵 +  𝑒− ⇌ 𝐶 (2) 
𝑛𝐶 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 → 𝑓𝑖𝑙𝑚 (3) 
 
Inherent to Scheme 3.2 is the competition between the electrodeposition reaction (equation 3) and 
the oxidation of unreacted [Ni(PPh2NPh2)] at the electrode surface (equation 2).15 This competition is the 
reason chemical reversibility is regained upon increasing scan rate. It is also this competition that makes 
quantifying the amount of product deposited based on electrochemical data alone so challenging. At first 
glance it may seem like the reductive charge passed should provide a metric by which the amount of 
material generated can be quantified, however some of these reducing equivalents go towards the 
formation of [Ni(PPh2NPh2)] which is not consumed in the follow-up chemical step. For a follow-up chemical 
step that generates a homogeneous species, the competition between the electrochemical oxidation of the 
reduced species and the chemical step can be monitored by comparing the cathodic peak current (which 
here provides information on the total amount of [Ni(PPh2NPh2)2] generated) to the anodic peak current 
(which here provides information on the amount of [Ni(PPh2NPh2)2] that was not consumed in the chemical 
step).15,131 However, this is not the case for a chemical step accompanied by deposition because the 
electrode properties change as a direct result of the chemical reaction. For example, the deposition of a 
passivating material which completely blocks electron transfer will artificially decrease the magnitude of the 
anodic current, skewing the measurement of the amount of [Ni(PPh2NPh2)2] not consumed by the chemical 
reaction.      
Mathematical models have been derived which allow the growth of an inhibiting film to be analyzed 
using cyclic voltammetry based on how the characteristics of the peak which initiates deposition (in this 
case the NiI/0 couple) changes as a function of scan rate and concentration.72 However, while the cathodic 
feature of the NiI/0 redox couple qualitatively conforms to the peak characteristics predicted by these models 
(i.e., thinner peaks, current that reaches zero), the changes of this peak upon varying concentration of 
[Ni(PPh2NPh2)2]2+ and scan rate do not quantitatively match this theoretical treatment.72,132,133 These models 
will only quantitatively hold if the portion of the surface covered in inert deposits is totally inhibited towards 
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further electron transfer such that the current response can be approximated as (1 − 𝚯)𝐼0, where 𝚯 is the 
fractional coverage of the surface that is coated in inhibiting material and 𝐼0 is the current in the absence of 
inhibition. This assumption is only valid when the electroactive areas which separate the “blocking islands” 
are on the same order of magnitude or larger than the diffusion layer. As such, we attribute the deviations 
from these mathematical models to the formation of a material that does not rigorously conform to the 
extreme geometric constraints assumed in these theoretical treatments. 
3.2.4 Electrochemistry of modified electrodes reveals precipitation of [Ni(PPh2NPh2)2] 
 For voltammograms in regime 3, deposition results in complete current inhibition (Figure 3.2C). On 
the return sweep, the electrode remains fully passivated until ca. –0.8 V, at which point passage of anodic 
current is once again observed. At the lowest scan rate sampled (0.025 V s-1), a broad oxidative feature is 
observed upon sweeping to more positive potentials which converges to the capacitive current of the bare 
electrode at ca. 0.3 V (Figure 3.4). The broadness of this feature is consistent with an oxidative process 
with sluggish interfacial electron transfer kinetics.15 This evidence for a slow oxidation process coupled with 
the convergence to the capacitive current of the bare electrode provides support for three postulates: (1) 
slow, direct oxidation of the electrode-adsorbed EEC product occurs at potentials positive of ca. –0.8 V; (2) 
oxidation of the material results in delamination of the film; (3) loss of the inert surface deposits exposes 
the underlying electrode material, manifesting as an “un-blocking” of the electrode surface and an increase 
in the active electrode surface area.73 As scan rate is increased, the broad peak transitions to an elongated 
plateau which does not converge with the capacitive current of the bare electrode, indicating that some 
inert surface deposits are still present on the electrode surface.. This incomplete delamination at higher 
scan rates is consistent with the sluggish rate of oxidation of the inert material by the electrode; the rate of 
heterogeneous electron transfer from the electrode to the deposited material is so slow that complete film 
oxidation requires prolonged polarization at oxidizing potentials and is only achieved at the slowest scan 




Figure 3.4 Scan rate dependence studies at 10 mM [Ni(PPh2NPh2)2]2+ highlighting the oxidative 
electrochemistry of the deposited material. Scan rates range from 0.025 V s-1 to 1 V s-1 (red to blue). 
Voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile and normalized to υ1/2. 
 The product generated upon oxidation-initiated delamination was characterized by monitoring the 
composition of the solution during cyclic step chronoamperometry via thin-layer UV-vis spectroscopy 
(Figure 3.5).11,134 In the absence of an applied potential, [Ni(PPh2NPh2)2]2+ absorbs strongly in the visible 
with a prominent feature at 480 nm.33 When  a reducing potential negative of the NiI/0 redox couple (-1.4 V 
vs. Fc+/0) is applied, the  solution absorbance bleaches across the visible spectrum without the concomitant 
growth of prominent new features, behavior consistent with formation of an electrode-adsorbed material 
following the two-electron reduction of [Ni(PPh2NPh2)2]2+.62 If the electrode is then held at 0.3 V for 30 
seconds, a feature at 480 nm grows in with a nearly identical magnitude as the spectrum for [Ni(PPh2NPh2)2]2+ 
obtained at the beginning of the experiment, indicating that homogeneous [Ni(PPh2NPh2)2]2+ is regenerated 
in its molecular form. 
 
Figure 3.5 UV-vis absorbance spectrum of a solution of 4 mM [Ni(PPh2NPh2)2]2+ in 0.25 M [NBu4][PF6] 
acetonitrile during spectroelectrochemistry experiments. Spectra collected in the absence of an applied 
potential (blue), after holding the honeycomb electrode at -1.4 V for 30 seconds (grey), and after stepping 
the fouled honeycomb to 0.3 V for 30 seconds (red). 
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The regeneration of homogeneous molecular [Ni(PPh2NPh2)]2+ upon oxidation of the deposited 
material provides evidence that the deposition event is not associated with an irreversible chemical 
transformation of [Ni(PPh2NPh2)2], such as a degradation reaction.29,34 Instead, the limited solubility of the 
doubly-reduced [Ni(PPh2NPh2)] in acetonitrile leads to the precipitation of molecular, heterogenized 
[Ni(PPh2NPh2)2] on the electrode surface. However, it is possible that some other Ni-based degradation 
product may be co-depositing with the heterogeneous [Ni(PPh2NPh2)2], though the near quantitative 
regeneration of molecular [Ni(PPh2NPh2)2]2+ observed via spectroelectrochemistry (Figure 3.5) indicates that 
– if this parallel reaction is operative – it is a minor pathway at most.    
3.3 Redox-Mediators Enhance Oxidation of Heterogeneous [Ni(PPh2NPh2)2] 
One notable aspect of the electrochemically-driven solubility cycling of [Ni(PPh2NPh2)2]2+ is that while 
the generation of the heterogeneous [Ni(PPh2NPh2)] is facile, the reverse reaction – where soluble 
[Ni(PPh2NPh2)2]2+ is regenerated – is kinetically limited by slow electron transfer between the electrode and 
the heterogeneous deposits. We postulated that this rate of electron transfer could be accelerated by 
addition of a molecular, freely diffusing redox mediator, a strategy that has been shown to facilitate 
otherwise challenging electron transfers in other systems where there is poor electronic communication 
between the electrode and a redox active center, such as proteins135,136 and poorly-conducting lithium-
insertion materials137,138. Ferrocene (Fc) was selected as a redox mediator due to its electrochemical 
stability, reversible electron transfer reactivity, and general chemical inertness in both its oxidized and 
reduced forms. This mediated electron transfer would proceed through the pathway described in Scheme 
3.3: Fc is oxidized at the electrode to generate Fc+ (reaction I), electrochemically-generated Fc+ oxidizes 
heterogeneous [Ni(PPh2NPh2)2] by one electron to generate Fc and [Ni(PPh2NPh2)2]+ (reaction II), 
[Ni(PPh2NPh2)]+ is further oxidized to [Ni(PPh2NPh2)2]2+ via either direct heterogeneous electron transfer at the 




Scheme 3.3 | Mechanism of Fc-mediated oxidation of heterogeneous [Ni(PPh2NPh2)2] 
𝐹𝑐 ⇌ 𝐹𝑐+ + 𝑒− (I) 
𝐹𝑐+ + [𝑁𝑖(0)] → 𝐹𝑐 + [𝑁𝑖(𝐼)]+ (II) 
Direct Electron Transfer of [Ni(I)]+ (III) Mediated Electron Transfer of [Ni(I)]+  (IV) 
[𝑁𝑖(𝐼)]+ ⇌  [𝑁𝑖(𝐼𝐼)]2+ + 𝑒− 𝐹𝑐 ⇌ 𝐹𝑐+ + 𝑒− 
𝐹𝑐+ + [𝑁𝑖(𝐼)]+ → 𝐹𝑐 + [𝑁𝑖(𝐼𝐼)]2+ 
3.3.1 Electrochemistry of [Ni(PPh2NPh2)2]2+ in the Presence of Ferrocene 
To evaluate whether Fc can facilitate indirect electron transfer between heterogeneous 
[Ni(PPh2NPh2)2] and the electrode, cyclic voltammograms were recorded in solutions of 0.5 to 2 mM 
[Ni(PPh2NPh2)2]2+ with 1 equivalent of ferrocene at 0.1 V s-1 (Figure 3.6). In these voltammograms, the 
potential was first swept through the NiII/I and NiI/0 redox couples and then, upon reaching a switching 
potential negative of the NiI/0 couple, the sweep direction was reversed and the potential was scanned 
through the Fc+/0 couple. This concentration range was chosen because it encompasses the transition of 
the [Ni(PPh2NPh2)2]2+ redox features from regime 1 (fully reversible redox couples) to regime 2 (EEC reactivity 
is operative) (Figure 3.1A).  If ferrocene can operate as a redox shuttle, an anodic current enhancement 
at the Fc+/0 couple will parallel the loss of the anodic features for the NiII/I and NiI/0 couple observed as 
[Ni(PPh2NPh2)2]2+ is increased. In voltammograms collected at 0.5 mM [Ni(PPh2NPh2)2]2+ (regime 1), the 
anticipated reversible, one-electron Fc+/0 couple is observed. As [Ni(PPh2NPh2)2]2+ concentration is increased 
and the NiII/I and NiI/0 features transition to regime 2, the magnitude of the anodic and cathodic peak currents 
of the Fc+/0 wave begin to diverge; the anodic peak current increases relative to the amount predicted based 
on the Fc concentration while the cathodic feature is unperturbed. This current distortion is only observed 
in cyclic voltammograms that first scan through the NiI/0 couple. The synchrony between the loss of the NiII/I 
and NiI/0 anodic peaks and the anodic current enhancement at the Fc+/0 redox couple shows that Fc only 
begins to act as a redox shuttle when heterogenization of [Ni(PPh2NPh2)2] results in a loss of electrochemical 




Figure 3.6 Cyclic voltammograms of 0.5 mM (red), 1 mM (light red), 1.25 mM (grey), 1.5 mM (light blue), 
and 2 mM (blue) [Ni(PPh2NPh2)2]2+ with 1 equivalent ferrocene. If the potential is not first swept through the 
NiII/I and NiI/0 waves, no current enhancement is observed at the Fc+/0 redox couple (black trace). 
Voltammograms obtained at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile and normalized to concentration of 
[Ni(PPh2NPh2)2]2+. 
UV-vis spectroelectrochemistry was used to confirm that the reaction between Fc and the deposited 
material consists solely of electron transfer to regenerate homogeneous [Ni(PPh2NPh2)2]2+ and does not 
involve a chemical reaction which irreversibly modifies [Ni(PPh2NPh2)2] (Figure 3.7). UV-vis 
spectroelectrochemical experiments were conducted in a solution of 4 mM [Ni(PPh2NPh2)2]2+ with 0.33 mM 
Fc using the same cyclic step chronoamperometry procedure described above (section 3.2.4). As with 
spectroelectrochemistry experiments conducted in the absence of Fc, applying a reducing potential (-1.4 
V) resulted in bleaching of the solution absorbance. Subsequent application of an oxidizing potential 
positive of the Fc+/0 couple resulted in a spectrum with absorbance features nearly identical to those for the 
[Ni(PPh2NPh2)2]2+ solution prior to the double step chronoamperogram, indicating that the [Ni(PPh2NPh2)2]2+ 
was not consumed during the reaction with Fc and that the reaction between Fc+ and [Ni(PPh2NPh2)2] is a 






Figure 3.7 UV-vis absorbance spectrum of a solution of 4 mM [Ni(PPh2NPh2)2]2+ and 0.33 mM ferrocene in 
0.25 M [NBu4][PF6] acetonitrile during spectroelectrochemistry experiments. Spectra collected in the 
absence of an applied potential (blue), after holding the honeycomb electrode at -1.4 V for 60 seconds 
(grey), and after stepping the fouled honeycomb to 0.3 V for 60 seconds (red).  
3.3.2 Ferrocene-catalyzed film removal 
In the cyclic voltammograms with a 1:1 ratio of [Ni(PPh2NPh2)2]2+: Fc (Figure 3.6), the cathodic peak 
of the Fc+/0 redox couple is unperturbed, suggesting that Fc oxidation is not a stochiometric reaction in 
which the Fc+ is consumed when it oxidizes [Ni(PPh2NPh2)2] and instead proceeds via an EC′ catalytic 
mechanism (Scheme 3.4) where the one-electron oxidation of substrate A to product B is catalyzed by a 
homogeneous catalyst P.11,15,37,139 In our study, the catalyst ferrocene (P) is oxidized to ferrocenium (Q) at 
the electrode surface, and the ferrocenium oxidizes the precipitated [Ni(PPh2NPh2)2] (substrate A), 
regenerating ferrocene. The regenerated ferrocene can then re-enter the catalytic cycle. The oxidation of 
[Ni(PPh2NPh2)2]+ may proceed via direct electron transfer (Scheme 3.3, reaction III) or a similar Fc-mediated 
oxidation (Scheme 3.3, reaction IV). 
Scheme 3.4 | Generic EC′ Reaction Mechanism 
 𝑃 ⇌ 𝑄 + 𝑒− 
𝑄 + 𝐴 → 𝑃 + 𝐵 
The cyclic voltammetry of [Ni(PPh2NPh2)2]2+ and ferrocene was evaluated under catalytic conditions 
in order to further support this redox catalysis assignment and because we were curious, on a fundamental 
level, of how this reactivity would manifest itself in cyclic voltammograms. A catalytic waveform will follow 
a number of chemically intuitive trends upon tuning the amount of adsorbed substrate (Γ𝐴
0), catalyst 
concentration (𝐶𝑃
0), or scan rate.15,25 The Γ𝐴
0 and 𝐶𝑃





0⁄ . Catalysis can be diagnosed by varying these diagnostic parameters and monitoring the resulting 
changes in the Fc+/0 redox couple. A series of induction period studies were designed which systematically 
tuned these parameters. The basic experimental set-up of these trials involved holding a freshly pretreated 
electrode at -1.5 V (i.e., the induction period) and then scanning from this resting potential through the Fc+/0 
couple. 
Trend 1: The magnitude of a catalytic wave increases as a function of Γ𝐴
0.  
The influence of Γ𝐴
0 on the magnitude of the Fc+/0 anodic wave (ip,a[Fc+/0]) was examined by varying 
the length of the induction period from 1 to 20 seconds in a solution of 3 mM [Ni(PPh2NPh2)2]2+. As the 
induction period controls the amount of time available for film formation, increasing its length will increase 
Γ𝐴
0 unless the electrode is passivated during this time. If the electrode is passivated during the induction 
period, no additional [Ni(PPh2NPh2)2] can be generated and Γ𝐴
0 will reach a maximum value.140 Electrode 
passivation does not limit Γ𝐴
0 in any of the following experiments; a more in-depth discussion of how we 
determined electrode passivation does not occur during these induction periods is included in Appendix 
B.4. For induction period studies conducted in a solution of 3 mM [Ni(PPh2NPh2)2]2+ and 0.65 mM Fc, ip,a[Fc+/0] 
increased as a function of induction period length, as expected for a catalytic wave (Figure 3.8).  
 
Figure 3.8 Cyclic voltammograms of 3 mM [Ni(PPh2NPh2)2]2+ and 0.65 mM ferrocene after induction periods 
at a resting potential of -1.5 V vs Fc+/0. The length of the induction period was increased from 1 (red) to 20 
seconds (grey to blue), resulting in a clear increase in ip,a[Fc+/0]along with a subtle decrease in the 
magnitude of the cathodic feature for this couple. Voltammograms obtained at 0.1 V s-1 in 0.25 M 
[NBu4][PF6] acetonitrile. 
Trend 2: The cathodic peak of the Fc+/0 couple will decrease upon decreasing substrate consumption. 
 The degree of substrate consumption refers to the percent of material consumed during the course 





 = amount of material remaining at the end of the voltammogram). The two 
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0  = 0) where all deposited [Ni(P
Ph
2NPh2)2] is oxidized 




0  ≈ 1) where the amount of deposited [Ni(P
Ph
2NPh2)2] 
that is oxidized is negligible and the amount of substrate available can be considered constant. The degree 
of substrate consumption will decrease as γ increases (thereby increasing the amount of material that must 
be consumed relative to the amount of catalyst available to consume it). 
 When complete substrate consumption is operative, ferrocenium cannot be reduced through 
catalyst turnover and will instead by reduced at the electrode at Fc+/0 redox couple, as was observed in 
voltammograms collected with a 1:1 ratio of [Ni(PPh2NPh2)2]2+:Fc (Figure 3.6). As the degree of substrate 
consumption decreases, more ferrocenium is reduced through catalytic turnover and, by extension, less 
ferrocenium is reduced through heterogeneous electron transfer at the electrode surface.15,25,27 In the 
voltammogram, the cathodic wave is increasingly lost, eventually disappearing entirely.37  
The anticipated loss of the cathodic wave for Fc+/0 redox couple was observed upon increasing γ. 
When Γ𝐴
0 is increased (i.e., increasing the induction period length) while keeping the concentration of Fc 
(𝐶𝑃
0) constant, a subtle decrease in the cathodic peak is seen at longer induction periods, indicating that 
more Fc+ is reduced through redox catalysis as Γ𝐴
0 increases (Figure 3.8). Alternatively, when the 
concentration of ferrocene was varied (0.1-0.6 mM) while the induction period length was kept constant (5 
seconds), a similar, but more pronounced, relationship was observed. At the lowest ferrocene concentration 
employed, the cathodic peak height of the Fc+/0 couple was far smaller than the magnitude predicted by the 
Randles-Sevcik equation and the ratio of the experimental to theoretical peak current increased as a 
function of ferrocene concentration, from 0.08 at 0.1 mM to 0.36 at 0.6 mM (Figure 3.9A).  
Trend 3: In the absence of substrate consumption, the catalytic wave transitions to a S-shaped response 
with a limiting plateau. 
 When substrate consumption is absent such that steady-state conditions are achieved, the current 
response will transition from a peak-shape to an S-shaped catalytic wave.11 This transition can be seen 
when working with micromolar ferrocene concentrations and long induction periods (10 seconds): the peak-
shaped Fc oxidative wave transitions to a quasi-plateau shape as 𝐶𝑃
0 decreases from 75 to 14 μM (Figure 
3.9B). The current does not reach a completely flat plateau within the experimental potential window, as 
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predicted for redox catalysis. We speculate this is due to in situ changes in the electrode properties; as the 
scan progresses across the Fc+/0 couple, the ferrocene-initiated reaction leads to desorption of the inhibiting 




Figure 3.9 Ferrocene titrations show how varying γ using CP
0 will influence the Fc+/0 redox couple. Cyclic 
voltammograms collected in a solution of 5 mM [Ni(PPh2NPh2)2]2+ with (A) 0.1 (red), 0.2 (orange), 0.3 (yellow), 
0.4 (green), and 0.6 (blue) mM ferrocene and (B) 14 (red), 21 (orange), 35 (yellow), 48 (green), and 75 
(blue) μM ferrocene conform to trend 2 and trend 3, respectively. Voltammograms recorded at 0.1 V s -1 in 
0.25 M [NBu4][PF6] acetonitrile using an induction period of 5 (A) or 10 (B) seconds with a resting potential 
of -1.5 V. 
Trend 4: Under conditions where direct oxidation of [Ni(PPh2NPh2)2] can be considered negligible, increasing 
υ will decrease the degree of substrate consumption. 
If Fc-mediated oxidation is the dominant oxidative pathway, then the degree of substrate 
consumption will be inversely related to υ because increasing scan rate will decrease the experimental 
timescale and, by extension, the amount of time available to consume the deposited material.15 The 
situation is more complex for this system due to competition between catalytic oxidation and slow direct 
electron transfer (discussed further below). However, we hypothesized that at higher scan rates, the 
contribution from this slow electron transfer will be negligible and the degree of substrate consumption will 
show the anticipated dependence on υ. In this regime, the catalytic wave will undergo the same transitions 
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observed upon increasing γ: the return feature will be increasingly lost as scan rate is increased and, at 
very high scan rates, the catalytic wave will transition from a peak-shaped feature to a steady-state catalytic 
plateau. Induction period studies were conducted using a constant induction period length (5 seconds) and 
Fc concentration (0.1 mM). When increasing the scan rate from 0.05 to 2 V s-1, the cathodic peak is lost 
and a peak-to-plateau transition can be observed at scan rates higher than 1 V s-1 (Figure 3.10). 
 
Figure 3.10 Cyclic voltammograms of 5 mM [Ni(PPh2NPh2)2]2+ with 0.1 mM ferrocene after a 5 second 
induction period at a resting potential of -1.5 V. Scan rate varied from 0.05 (red) 0.1 (orange), 0.2 (yellow), 
0.3 (green), 0.5 (light blue), 1 (blue), and 2 (grey) V s-1. Voltammograms recorded in 0.25 M [NBu4][PF6] 
acetonitrile and have been normalized to υ1 2⁄ . 
Induction period studies show that the properties of the Fc+/0 redox couple are governed by Γ𝐴
0 
(Figure 3.8), γ (Figure 3.9), and υ (Figure 3.10) and that tuning these parameters generates waveforms 
that conform to the characteristic shapes expected for an EC′ catalytic mechanism.38 These results support 
the role of Fc as a redox mediator and provide qualitative insight into how the in situ changes in the 
morphology and properties of the electrode surface that are inherent to this reaction scheme will manifest 
in electrochemical data.   
3.3.3 Competition between electrochemical and Fc-mediated oxidation 
After establishing that Fc is capable of catalytically stripping adsorbed [Ni(PPh2NPh2)] to generate 
[Ni(PPh2NPh2)]2+, we turned to study the efficacy of Fc-mediated electron transfer for films formed at 
concentrations of [Ni(PPh2NPh2)2]2+ corresponding to Regime 3 where preliminary findings suggest the 
electrodes are fully blocked/passivated (Figure 3.2). Cyclic voltammograms were collected in a 10 mM 
[Ni(PPh2NPh2)2]2+ solution with 1 mM Fc (Figure 3.11) using scan rates varying from 0.025 V s-1 (where rapid 
electrode fouling leads to complete current inhibition at potentials negative of ca. –0.8 V) to 5 V s-1 (where 
current inhibition is no longer observed and the characteristics of the voltammogram correspond to regime 
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2). As the scan rate is inversely proportional to the amount of time spent under the reducing potentials 
necessary for film formation, Γ𝐴
0 is expected to decrease as scan rate is increased.  
If Fc-mediated oxidation is the dominant oxidative pathway, ip,a[Fc+/0] (after correcting for the anodic 
peak current of the Fc+/0 couple in the absence of substrate) will decrease as a function of scan rate – a 
relationship observed at scan rates above 1 V s-1. However, below 1 V s-1, the relationship between scan 
rate and ip,a[Fc+/0] is inverted: the relative degree of anodic current enhancement becomes smaller as scan 
rate decreases with little to no current enhancement observed at the lowest scan rate sampled (0.025 V s-
1). This decrease in the current enhancement at the Fc couple is commensurate with an increase in the 
broad oxidative feature observed at potentials negative of ca. –0.8 V, indicative of a competition between 
direct oxidation of [Ni(PPh2NPh2)2] at the electrode and Fc-mediated oxidation. At slow scan rates, direct 
oxidation of [Ni(PPh2NPh2)2] results in de-lamination of the deposited material and regeneration of 
[Ni(PPh2NPh2)2]2+ thereby decreasing the amount of film available to react with Fc+. At faster scan rates, the 
sluggish direct oxidation pathway is not competitive, leaving more material available for Fc-mediated 
oxidation and resulting in a larger degree of current enhancement at the Fc+/0 couple. 
 
Figure 3.11 Cyclic voltammograms of 10 mM [Ni(PPh2NPh2)2]2+ with 1 mM ferrocene recorded at 0.025 (red), 
0.05 (orange), 0.1 (yellow), 0.2 (light green), 0.5 (dark green), 1 (light blue) and 5 (dark blue) V s-1. All 
voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile and normalized to υ1/2. 
This competition is consistent with the role of Fc as a redox shuttle which enhances the otherwise 
sluggish oxidation of insulating heterogeneous [Ni(PPh2NPh2)2] deposits and, we suggest, is actually crucial 
for this mediated pathway to be effective when electrodeposition completely blocks electron transfer under 
reducing conditions. To initiate this mediated reactivity, Fc must itself first be oxidized at the electrode 
surface; this electron transfer would be greatly hindered if the electrode were completely passivated, as it 
69 
 
is at potentials negative of ca. -0.8 V in Regime 3.79,140 Given this caveat, we suggest that the kinetically 
slow direct oxidation of the film (discussed above) and the resulting delamination of the inhibiting material 
is critical for generating some amount of electroactive surface area through which homogeneous Fc is 
oxidized to Fc+ in Regime 3.  
An alternative explanation to understanding how Fc can mediate film oxidation of a fully passivated 
electrode is that Fc itself has been incorporated in the film, giving it sufficient proximity to the electrode to 
act as a heterogeneous redox shuttle.141,142 While the weakly-adsorbed nature of the material precludes the 
use of surface characterization techniques to unequivocally establish the presence or absence of ferrocene, 
a number of indirect probes support the exclusive role of homogeneous ferrocene. For one, the presence 
of ferrocene in solution has no noticeable impact on the redox features of the NiII/I and NiI/0 couples, 
indicating that ferrocene is either completely absent from the film or plays little role in dictating the structure 
or properties of the deposited material. Dry tests – demonstrated by Artero and coworkers71 as a means of 
evaluating weakly-adsorbed material (see Appendix B.4 for further details) – show that film deposits can 
be generated in an electrolyte solution containing only [Ni(PPh2NPh2)2]2+ and stripped in an electrolyte 
solution containing only ferrocene indicating that incorporation in the surface deposits is not necessary for 
ferrocene to act as a redox shuttle. While these dry tests support the role of diffusional ferrocene, they 
certainly do not exclude the possibility that some ferrocene can be incorporated in the film and facilitate 
electron transfer when the heterogeneous deposits are generated in a solution of [Ni(PPh2NPh2)2]2+ with 
ferrocene. Finally, we deem it highly unlikely that the return feature of the diffusional redox couple would 
follow the catalytic trends discussed above if it had no meaningful role in mediating electron transfer. 
3.4 Conclusion 
 In this work, we report a novel strategy for facilitating electrochemically-driven solubility cycling – 
in which a transition metal complex can undergo electron transfer-initiated precipitation and re-solubilization 
while maintaining the integrity of the molecular core – based on the two-electron reduction of homogeneous 
[Ni(PPh2NPh2)2]2+. The limited solubility of the doubly-reduced product in acetonitrile leads to precipitation 
and deposition of molecular [Ni(PPh2NPh2)2]. While direct oxidation of this molecular heterogeneous deposit 
at the electrode surface is possible, this electron transfer is limited by poor electron transfer kinetics. We 
demonstrate how a freely diffusing redox mediator (ferrocene) – which shuttles electrons between the 
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electrode and the insulating material – can be used to overcome this slow electron transfer kinetics, 
enabling catalytic regeneration of soluble [Ni(PPh2NPh2)2]2+. Cyclic voltammetry was used to explore how this 
unique reactivity will manifest in electrochemical data. This strategy for facilitating electron transfer to 
molecular, heterogeneous transition metal complexes in order to regenerate their soluble redox state could 
help circumvent problems related to solubility for electrochemical energy storage technology.  
3.5 Experimental 
3.5.1 General Considerations.  
All chemical syntheses were performed using either a nitrogen-filled glovebox or a high-vacuum 
manifold with standard Schlenk techniques. Solvents were degassed with argon and dried using a solvent 
system (Pure Process Technology). Water for polishing was obtained from a Milli-Q system. 
Tetrabutylammonium hexafluorophosphate (TCI, > 98%) was recrystallized from hot ethanol, washed with 
cold ethanol, and dried under vacuum for 8 hours at 80⁰C. [Ni(PPh2NPh2)2(CH3CN)][BF4] was synthesized 
and recrystallized according to literature methods and characterized via NMR.130 NMR spectra were 
recorded on a Bruker 600 MHz spectrometer.  
3.5.2 Electrochemical Methods.  
All electrochemical measurements were performed in a nitrogen-filled glovebox using electrode 
leads that were fed through a custom port and connected to a WaveDriver potentiostat (Pine Research 
Instrumentation). Measurements were performed using a standard three-electrode configuration with a 
glassy carbon working electrode (CH Instruments, 3 mm diameter), platinum wire counter electrode, and 
silver wire pseudoreference electrode immersed in glass tubes filled with 0.25 M [NBu4][PF6] acetonitrile 
and isolated from the main cell compartment via a porous Vycor frit. Glassy carbon working electrodes were 
polished using a Milli-Q water slurry of 0.05 µm polishing powder (CH Instruments, no agglomerating 
agents), rinsed and sonicated in Milli-Q water, and rinsed with acetone. Working electrodes were 
electrochemically pretreated with three cyclic scans between 0.7 V to -2.8 V vs Fc+/0 couple (approximately) 
at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile solution.  
3.5.3 Spectroelectrochemistry Methods. 
Thin layer UV-vis spectroelectrochemistry obtained in a nitrogen-filled glovebox using an OceanOptics DH-
mini light source fiber coupled to an OceanOptics Flame spectrometer and a WaveDriver potentiostat (Pine 
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Research Instrumentation). Measurements performed in Honeycomb Spectroelectrochemical Cell Kit (Pine 
Research Instrumentation, model: AKSTCKIT3) using a Platinum Honeycomb Electrode (Pine Research 
Instrumentation, model: AB01STC1PT) and a silver wire pseudo-reference.
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CHAPTER 4. Analysis of multistep homogeneous catalysis by rotating disc electrode voltammetry 
Portions of this text adapted from Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 
Dempsey, J. L. Analyst 2020, 145, 1258-1278 with permission from The Royal Society of Chemistry 
 
4.1 Introduction 
Characterizing and quantifying the factors that dictate the activity and selectivity of molecular 
catalyst for fuel-forming reactions will require both refinement of currently available mathematical models  
for popular techniques, like cyclic voltammetry, and the development of advanced characterization methods 
which can be coupled with real-time detection of products or reactive intermediates.22 In this respect, 
hydrodynamic electrochemical set-ups have extraordinary potential as many of these configurations are 
easily modified to generate dual electrode set-ups that allow continuous monitoring of the flowing 
solution.100 Of these convective electrode systems, the rotating disc electrode (RDE) is one of the few for 
which rigorous mathematical models have been derived.13,143 RDE set-ups can be easily modified to allow 
the analytes in the liquid flowing outward from the disc to be electrochemically monitored by addition of an 
independent ring electrode surrounding the central disc, a set-up known as a rotating ring-disc electrode 
(RRDE).99,100 Techniques based on RDE and RRDE have already found extensive application in the 
evaluation of surface-adsorbed catalysts and heterogeneous electrocatalytic materials.15,67,144 In contrast, 
these tools have found a far cooler reception in the homogeneous electrocatalytic community, though 
occasional reports using RDE or RRDE have trickled through.82,95,145–148 This is surprising considering the 
flurry of activity surrounding RDE voltammetry (RDEV) witnessed in the 1980s and 90s which resulted in a 
large body of work describing the theoretical treatment of RDE voltammograms for an array of 
homogeneous processes with coupled chemical steps,24,101,102 including a number of reports on one-
electron, one-substrate EC′ catalytic reactions (see Section 1.4.3).39,105,106 However, this work was never 
extended to the multi-substrate, multi-electron reactions pertinent to fuel-forming processes.  
Intrigued by this body of literature and motivated by the desire to assess the efficacy of this tool as 
a means of studying homogeneous electrocatalysis, we critically evaluated the utility of RDEV for evaluating 
multi-step catalytic reactions. This report is divided into three parts. Section 4.2 describes our theoretical 
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treatment of this topic and discusses the parameters governing these catalytic responses. Sections 4.3 and 
4.4 showcase our attempt to apply this tool in a real-world setting using a well-studied cobaloxime HER 
catalyst, with Section 4.3 discussing the theory and application of various analytical strategies and Section 
4.4 focusing on the obstacles encountered during our adventure in the world of RDE.  It should be noted 
that the theoretical framework derived in Section 4.2 focuses on the reported ECEC′ mechanism of the 
cobaloxime HER catalyst used as a model system.  
4.2 Waveshape analysis and mathematical modelling for homogeneous catalysis 
4.2.1 Theoretical approaches for modeling electrochemical processes at the RDE 
Recent advances in digital simulation software allow the hydrodynamic response of practically any 
electrochemical mechanism involving the coupling of heterogeneous electron transfer and homogeneous 
chemical reactions to be generated. These powerful and convenient tools are incredibly useful when 
differentiating between different mechanistic pathways, when testing whether derived analytical equations 
can be empirically extended to new mechanisms and catalytic waveforms, or simply as means of easily 
generating figures which convey important or complex concepts (as shown extensively in this 
work).17,25,28,52,149 Despite their utility, these tools cannot replace a mathematical model that identifies the 
minimal number of governing dimensionless parameters. It is this rigorous mathematical treatment that 
allows conclusive identification of the important experimental parameters (ex. catalyst concentration, 
rotation rate, etc.) that influence the electrochemical response – information that is crucial for intelligently 
designing experiments – and derivation of generalized quantitative expressions for retrieving kinetic 
information from current responses.  
Theoretical treatment of any convective system requires solutions for a series of relevant mass-
transport equations.13 To simplify this mathematical treatment, large electrolyte concentrations are used to 
suppress migration as a mode of mass transport and slow scan rates are used to ensure steady-state mass 
transfer. Under these conditions, the RDE waveform will be described by a series of non-linear, steady-
state reaction-convection-diffusion equations. Recent work has shown that approximate analytical solutions 
can be derived using homotopy perturbation method for a limited subset of reaction mechanisms.104 For 
reaction mechanisms where a closed-form expression does not exist, application of various approximations 
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or numerical strategies can produce equations that can be solved either analytically or numerically, allowing 
digital simulation of the current-potential response at the RDE. 
Using these tools, a mathematical description of the anticipated RDE waveforms has been reported 
for a variety of homogeneous processes with coupled chemical steps.24,101,102 The approaches taken during 
this treatment can vary considerably in complexity, particularly in relation to the extent of approximations 
used in the description of mass transfer processes.97,102,104,150–153  Two strategies for computing RDE 
voltammograms, pioneered by the groups of Savéant and Compton, proved particularly important in 
developing the theory for the one-electron, one-substrate EC′ catalytic reaction (see Section 1.4.3).  
A general computational approach popularized by Compton and colleagues employs numerical 
strategies derived from Hale Theory.97,154 In this approach, appropriate application of the Hale 
Transformation, which in effect applies the equivalent of a non-linear space grid, simplifies the mass-
transport equations by reducing the two terms corresponding to diffusion and convection into a single 
expression. This simplification permits efficient numerical calculations of RDEV waveforms without relying 
on gratuitous approximation in the description of mass transfer. Using this approach, Compton and 
coworkers have described the current-potential behavior for a wide range of electrode processes at the 
RDE,102,103,154,155 including the EC′ catalytic reaction.105,106 
The second model relies on the Nernst Diffusion Layer approximation. This strategy, distinguished 
in the works of Savéant and coworkers, assumes that the reaction kinetics are sufficiently fast such that 
convection effects can be neglected altogether.13,39,156 This approach greatly simplifies the solution of the 
mass-transport equations as it requires that only diffusion, and not convection, be considered. It is this 
simplification that allows certain analytics tools used to extract rate constants from stationary cyclic 
voltammograms to be transposed to RDEV.36 
One of the key differences between the two methodologies is their assumptions concerning the 
kinetics of the chemical step. While the Hale approach makes no assumptions about the rate constants of 
the chemical steps, the Nernst Diffusion Layer approach will only be accurate when reaction kinetics are 
sufficiently fast such that explicit consideration of convection can be neglected. Despite these differences, 
these two approaches give consistent results when describing EC′ processes across a range of conditions, 
with deviations only observed at very small values of ke.106 Importantly, the ability to quantitatively apply the 
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Nernst Diffusion Layer approach is a key prerequisite for use of certain electrochemical benchmarking tools, 
such as plateau current analysis and foot-of-the-wave analysis (discussed further in Section 1.2, Section 
4.3.5, and Appendix C.4). 
In this work, these two strategies (i.e., the Hale Approach and the Nernst Diffusion Layer Approach) 
were used to build RDEV models pertinent to an ECEC′ reaction mechanism (Scheme 4.1) where the 
second electron transfer is more thermodynamically favorable than the first and the first chemical step is 
not rate-limiting. The motivation for focusing on the ECEC′ reaction mechanism are two-fold: (1) it is one of 
the most commonly invoked mechanistic pathways for two-step catalytic processes and (2) it is pertinent to 
the model complex used to experimentally test this theoretical work (see Section 4.3).28  
Scheme 4.1 | ECEC′ Reaction Mechanism 
    P + e- ⇄ Q 
Q + A ⟶ Q′ k1 
Q′ + e- ⇄ B  
B + A ⟶ P + product k2 
 
Assuming the electrolyte concentration is sufficiently large to suppress mass transport from 
migration, RDE waveforms for an ECEC′ process will be described by a system of six non-linear reaction-
convection-diffusion equations whose solutions have no closed form. The Hale approach and Nernst 
Diffusion Layer approach were used to approximate the relevant solutions and generate two mathematical 
models describing the current–potential behavior of the homogeneous ECEC′ mechanism at the RDE.13,102 
Digital simulations based on both models were carried out using a custom MATLAB script that implemented 
finite difference-based approximations to these models. To test the validity of these models, the current-
potential behavior for a reversible electron transfer was calculated.157 In both cases, mass transport-
corrected Tafel plots of θ vs log(i−1 − ipl
−1) had the requisite slope of 2.303, supporting the use of these 
numerical approaches (Appendix C.2).158  
The following discussion focuses on the conclusions that can be draw from these digital simulations 
instead of the derivations themselves. In addition, the current-potential curves predicted by the Nernst 
Diffusion Layer and Hale approach are compared under a variety of limiting conditions in order to identify 
conditions in which the more minimalist Nernst Diffusion Layer approach may be applied.  
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4.2.2 Current-potential behavior calculated by the Nernst Diffusion Layer and Hale approach 
Derivation of the general expression for an ECEC′ mechanism (Scheme 4.1) allows parameters 
governing the current-potential response to be identified (Appendix C.1). For multi-step catalytic 
mechanisms where only a single type of substrate participates in the reaction, such as proton reduction 
catalysis, a single excess factor is operative. Two dimensionless kinetic parameters λ1 = (δ μ1⁄ )
2 and λ2 =
(δ μ2⁄ )
2 are now necessary to account for the competition between the two chemical reactions described 
by rate constants k1 and k2, along with diffusion. To qualitatively test the robustness of the Nernst Diffusion 
Layer and Hale-based modelling procedures, a series of simulated voltammograms were generated which 
systematically modulated γ or λ1. Monitoring the changes in the shape of these waveform as a function of 
these two parameters provides a qualitative means to ensure that these modelling procedures produce 
voltammograms that follow chemically intuitive trends.27,157 For all of these simulations, both methods 
generate convergent voltammograms.  
Initial simulations explored the current–potential behavior calculated by the two models under pure 
kinetic conditions when both electrode electron transfers are Nernstian. Under pure kinetic conditions, two 
limiting regimes exist depending on the magnitude of the excess factor (see Section 1.4.3). The first limiting 
regime – the total catalysis regime – occurs at small values of γ where complete consumption of the 
substrate in the reaction-diffusion layer results in a catalytic wave controlled by substrate diffusion. In this 
case, both simulation procedures yield “split-wave” voltammograms in which two distinct features can be 
resolved: (1) a catalytic wave at potentials positive of the catalyst’s redox couple followed by (2) the typical 
reversible redox wave of the catalyst which have Ψ∞ values of γ and γ+1, respectively (Figure 4.1). At a 
given γ, increasing λ1 results in a positive potential shift in the E1/2 of the catalytic wave with no concurrent 
change in the plateau current. This behavior is consistent with the total catalysis regime (see Section 1.4.3). 
Upon increasing γ at a constant value of λ1, the distinction between these features is lost as the catalytic 
wave grows in magnitude relative to the catalyst’s redox couple, consistent with the expected transition to 
mixed transport-kinetic control (Appendix C.3). If γ is pushed to even larger values, the observed current 
approaches the second limiting case where substrate consumption is negligible and the voltammogram 
reflects the kinetically limited current in the absence of mass transport effects. In this regime, the catalytic 
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responses derived from the two approaches converge and the dimensionless current value for these 
responses show the anticipated dependence on the rate constant for the rate limiting step (Appendix C.3). 
Next, simulations were used to evaluate the current–potential behavior calculated by the two 
models when not pure kinetic conditions (in these simulations, both electrode electron transfers are still 
Nernstian). To do this, simulations were generated which varied λ1 at a constant value of γ (γ = 1.5). Starting 
in the total catalysis regime, decreasing λ results in a smooth transition from total catalysis to no detectable 
catalysis, as expected for voltammograms that are not under pure kinetic conditions (Figure 4.1).  
 
Figure 4.1 Simulated RDE voltammograms for an ECEC′ catalytic mechanism utilizing the Hale 
transformation approach (dotted lines) and the Nernst Diffusion Layer approximation approach (solid lines). 
Here γ = 1.5, and dimensionless rate parameters for both models were equal. Voltammograms were 
collected at log(λ) values of -2 (dark purple), 0 (dark blue), 2 (light blue), 4 (green), 6 (light orange), and 8 
(dark red) corresponding to the transition between no observed catalysis to total catalysis. Simulations 
generated using custom MATLAB scripts. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, 
B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of 
Chemistry. 
To investigate the possible impact of electron transfer kinetics on the shape and half-wave potential 
shift of the catalytic wave for an ECEC′ mechanism, the mathematical models were modified by substituting 
Butler-Volmer boundary conditions for the typical Nernstian boundary at the electrode surface and 
simulations were obtained in the total catalysis regime. For voltammograms in this regime, decreasing the 
rate constant of heterogeneous electron transfer leads to a negative shift in the half-wave potential of the 
catalytic wave (Figure 4.2). When electron transfer deviates sufficiently from the Nernstian regime, the 




Figure 4.2 Simulated ECEC′ RDE waveforms displaying the effects of electron transfer kinetics on both the 
shape and half-wave potential in the total catalysis regime. Split wave voltammograms are observed in 
simulations modelling Nernstian electron transfer kinetics (red, log[ks] = 3), as anticipated for a 
voltammogram in the total catalysis regime. As electron transfer kinetics become increasingly slow, the 
distinction between the split-wave is lost and the potential for the features shifts to more negative potentials. 
RDE voltammograms depicting non-Nernstian electron transfer collected with log(ks) values of -6 (blue), -3 
(green), and -1 (orange). The excess parameter, 𝛾, was set to 1.5 and log(λ) for both chemical steps set to 
7 to simulate total catalysis. Simulations generated using custom MATLAB scripts. Lee, K. J.; Gruninger, 
C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced 
by permission of The Royal Society of Chemistry. 
Under all conditions explored, both formulations towards modeling yield catalytic voltammograms 
that show excellent qualitative agreement in the general shape of the waveform as well as quantitative 
agreement with each other in the plateau current magnitudes – which deviate only by 1.3% when the 
reaction kinetics are slow – and the half-wave potentials (Figure 4.1 and Appendix C.3). Convergence of 
these simulation methods supports quantitative use of the more simplified Nernst Diffusion Layer approach 
across the conditions explored. 
4.2.3 Governing parameters for an ECEC′ process 
For an ECEC′ mechanism where a single type of substrate participates in the reaction, five 
parameters govern the catalytic response. As mentioned above, a single excess factor is operative, but two 
dimensionless kinetic parameters λ1 = (δ μ1⁄ )
2 and λ2 = (δ μ2⁄ )
2 are now necessary. Two additional 
considerations are the ratios of the rate constants for the two chemical steps (k1/k2) as well as the potential 
separation between both electron transfer steps (ΔE = E2– E1) (Figure 4.3).  
For a system under pure kinetic conditions with negligible substrate consumption and Nernstian 
electron transfer, the plateau current will be governed by γ and the kinetic parameter for the rate-limiting 
step (λ2 in the mechanism considered here). Outside of the plateau current, the shape of the voltammogram 
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is also governed by the ratios of the rate constants for the two chemical steps as well as the potential 
separation between both electron transfer steps (Figure 4.3). These additional thermodynamic and kinetic 
parameters can greatly influence the accuracy of analytical methods applied to extract figures of merit from 
these regions and thus should be carefully considered to avoid potential errors (see section 4.3.5).17  
 
Figure 4.3 Simulated RDE voltammograms illustrating parameters that govern the shape of the 
voltammogram for an ECEC′ catalytic reaction where the second electron transfer is more 
thermodynamically favorable, the first chemical step is not rate limiting, and Nernstian electron transfer 
kinetics are operative. Simulated voltammogram for the one-electron redox couple of the catalyst (E1/2 = 0 
V) in the absence of substrate shown in grey. Catalytic RDE voltammograms show that changing the 
potential difference between E1 and E2, the k1/k2 ratio, and/or λ1 while keeping γ (𝐶𝑃
0 = 0.001 M; 𝐶𝐴
0 = 0.1 M) 
and λ2 constant (k2 = 10 M s-1; ω = 100 rad sec-1) leads to drastic deviations in the shape of the catalytic 
wave at potentials positive of the plateau region. The values for k1/k2 and λ1 were varied at a constant ΔE 
value (E1 = 0 V; E2 = 0.4 V) by modulating k1 from 1x107 M-1 s-1 (red) to 1x106 M-1 s-1 (blue). Alternatively, 
k1/k2 and λ1 value were kept constant (k1 = 1x107 M-1 s-1) and ΔE was modulated by changing E2 from 0.4 
(red) to 0.02 V (green) while maintaining a constant E1 (E1 = 0 V). The dashed grey line denotes the start 
of the plateau region where all three catalytic voltammograms display the same limiting current value. The 
plateau current is governed by the kinetic parameter for the rate-limiting step λ2 and excess factor γ. At 
potentials positive of the plateau region, three additional parameters influence the waveform: the kinetic 
parameter for the first chemical step (λ1), the difference in formal potential for electron transfer steps (ΔE), 
and the ratio of the rate constants for the chemical steps (k1/k2). Electron transfers were set at kS = 1x105 
cm s-1 with α = 0.5, respectively, scan rate as 0.001 V s-1, diffusion coefficients of all species as 1x10-5 cm2 
s-1, and kinematic viscosity as 0.0045 cm2 s-1. Simulated using DigiElch 8.FD. Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by 
permission of The Royal Society of Chemistry. 
If non-Nernstian electron transfer is operative, the role of interfacial electron transfer must also be 
considered. The convoluting role of interfacial electron transfer is clearly illustrated in Figure 4.2 which 
shows the sensitivity of the E1/2 of the catalytic wave in the total catalysis regime to changes in ks. 
Importantly, these deviations can already be observed at ks values pertinent to many molecular fuel-forming 
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catalysts. One characteristic of these simulations worth highlighting is that even though ks influences the 
potential at which the plateau current is reached, all simulations eventually plateau at the Ψ∞ =  γ + 1 value 
expected for voltammograms in the total catalysis regime once sufficiently negative potentials are reached. 
This behavior will hold true for any system with slow interfacial electron transfer and stems from the fact 
that heterogeneous electron transfer, not the homogenous reaction kinetics, is rate limiting.   
4.2.4 Additional considerations for multistep processes – Incomplete catalysis 
For EC′ reactions with slow reaction kinetics for the homogeneous chemical step, the reduced 
catalyst may be swept away from the electrode surface before catalytic turnover, resulting in no observable 
catalytic current. We postulated that for multi-step reactions judicious choice of reaction conditions could 
allow catalytic turnover to be outcompeted and different steps along the ECEC′ reaction pathway isolated, 
leading to “intermediate” zones which would reflect (depending on the relative kinetics of the different 
chemical steps) simply the initial E, EC, or ECE steps in the absence of turnover. Our interest in seeing if 
these intermediate zones can be isolated is two-fold. For one, it would provide a more general means of 
identifying catalytic mechanisms through isolation of elementary steps. Second, these limiting regimes are 
expected to exhibit characteristic changes in waveform properties (e.g., E1/2) upon tuning experimental 
parameters, relationships that could allow kinetic information to be determined. Work detailing these types 
of relationships for EC and ECE reaction schemes has been reported; however, the chemical steps 
modeled in these works were either unimolecular or bimolecular dimerization, making it far more simple to 
derive E1/2-λ relationships for the reaction schemes than it will be for elementary steps operative in catalytic 
mechanisms relevant to fuel-forming reactions. While this limited scope restricts their direct use, it does not 
preclude extension of these equations to the more complex reactions as a future avenue for exploration – 
albeit one that will not be discussed in this work. 
 For the ECEC′ catalytic mechanism described in Scheme 4.1, three limiting behaviors exist.  
(1) E Mechanism: Electron transfer from the electrode will generate the singly reduced catalyst Q, 
however the first chemical step will not take place at the electrode surface. Only the mass-transport 
limited redox wave will be observed at the usual P/Q redox couple.  
(2) EC Mechanism: If the first chemical step is observable on an experimentally relevant timescale 
while the second electron transfer is slow relative to rotation rate, the product of the EC reaction Q′ 
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will be swept into the bulk solution. A single peak will be observed in the RDE voltammogram with 
a plateau current identical to that observed for the P/Q redox couple in the absence of substrate 
(Ψ∞ = 1). For an EC reaction scheme, theory shows that the follow-up chemical reaction will result 
in a positive shift of ca. 30 mV (log10ω)-1 in the half-wave potential of this feature for a unimolecular 
first order reaction and a ca. 20 mV (log10ω)-1 shift for a second order, bimolecular 
dimerization.24,102,155 A dependence of the half-wave potential on rotation rate is anticipated if the 
EC elementary steps operative in the ECEC′ mechanism can be isolated, however the specific E1/2-
λ relationship will likely vary because this bimolecular EC mechanism involves a reaction between 
two different substrates.   
(3) ECE Mechanism: When the second chemical step is slow relative to rotation rate, the current-
potential response for an ECE reaction will be observed which will manifest as a single wave with 
Ψ∞ = 2 as well as a positive shift in E1/2.24,102 
Obtaining waveforms with Ψ∞ > 2 indicates that at least some turnover is occurring, regenerating 
P which is then further reduced at the electrode surface. While the broad diagnostic criteria outlined above 
are helpful for visualizing what parameters can be analyzed to glean mechanistic insight, completely 
isolating only a single limiting regime is only likely to happen under extreme conditions. However, the 
transition between these zones can still provide important insight into the competition between limiting steps 
as well as the relative order of the chemical and electron transfer steps for an unknown mechanism. 
4.3 Experimental analysis of a HER catalyst by RDEV 
To experimentally validate the extension of RDEV to homogeneous ECEC′ reactions, RDE 
techniques were applied to a well-studied cobaloxime HER electrocatalyst. Cobaloxime derivatives are a 
popular class of proton reduction catalysts due to their versatility in HER systems.159 Active under both 
aqueous and nonaqueous conditions, their operative catalytic mechanism(s) have been the subject of 
extensive experimental and theoretical investigation.28,56,159–166 RDEV has been previously used to compare 
the catalytic activity for a series of cobaloxime catalysts under aqueous conditions, however no theoretical 
treatment of homogeneous, multi-step catalytic processes at the RDE or additional kinetic and mechanistic 
analysis were reported as part of this study.82 Kinetic analysis of HER by the cobaloxime electrocatalyst 
Co(dmgBF2)2(CH3CN)2 (dmgBF2 = difluoroboryl-dimethylglyoxime) (Scheme 4.2) in organic solvents with 
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para-substituted anilinium acids has been conducted by our group using stationary CV.27,28 We reasoned 
that revisiting this well-characterized catalyst would provide a means of validating the theoretical treatment 
derived in Section 4.2 and Appendix C while also allowing direct comparison of stationary CV and RDEV 
as tools for evaluating homogeneous HER electrocatalysts in organic solvents.   
Scheme 4.2 | Structure of Co(dmgBF2)2(L)2 HER electrocatalyst. 
 
4.3.1 Mechanism of H2 production by Co(dmgBF2)2(CH3CN)2 
The ECEC′ HER pathway for Co(dmgBF2)2(CH3CN)2 in acetonitrile when using para-substituted 
anilinium acids as the proton source can be summarized as follows: 
Co(II) + e- ⇄ Co(I)  
Co(I) + H+ ⟶ Co(III)-H k1 
Co(III)-H + e- ⇄ Co(II)-H  
Co(II)-H + H+ ⟶ Co(II)(H2) k2 
Co(II)(H2) ⟶ Co(II) + H2 kΩ 
This pathway contains three chemical steps: (1) protonation of the singly reduced Co(I) species to generate 
Co(III)-H (rate constant k1), (2) protonation of the reduced cobalt hydride Co(II)-H to generate Co(II)(H2) 
(rate constant k2), and (3) a final acid-independent step involving H-H bond formation or H2 release (rate 
constant kΩ). For all acids employed, the first protonation is rapid. While k2 is rate limiting under most 
conditions, kΩ becomes limiting for strong acids at high substrate concentrations.  
Computational studies concluded that the second electron transfer is more facile than the first, with 
the reduction potential of Co(III)-H estimated to be 20-100 mV more positive than the CoII/I couple.163,166 
Stationary electrochemistry furnished no evidence for homogeneous electron transfer from Co(I) to Co(III)-
H through a solution electron transfer mechanism. These results are consistent with the relatively slow rate 
constant independently determined for this homogeneous electron transfer (k = 9.2 x 106 M-1 s-1) and 
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indicate that the two electrons required to complete catalytic turnover are transferred to the catalyst from 
the electrode.165 We anticipate that the dominant reaction mechanism will remain the same within the 
confines of the reaction-diffusion layer, though divergent behavior may occur in the bulk solution if reactive 
intermediates are swept into solution before completing the catalytic cycle. 
4.3.2 Electrochemistry of Co(dmgBF2)2(CH3CN)2 
 During electrochemical trials, Co(dmgBF2)2(CH3CN)2 is generated upon dissolving 
Co(dmgBF2)2(H2O)2 in acetonitrile. In the absence of acid, RDE voltammograms of Co(dmgBF2)2(CH3CN)2 
contain a reversible reductive wave with a half-wave potential of -0.91 V (all values reported vs Fc+/0 couple) 
assigned to the CoII/I couple (Figure 4.4). The plateau current for this feature varies linearly with ω1/2, 
allowing a diffusion coefficient (D) to be extracted per the Levich equation (equation 1.4.3, Appendix D.1).13 
This diffusion coefficient (D = 9.15 x 10-6 cm2 s-1) is in good agreement with values obtained from stationary 
voltammetry (D = 9.22 x 10-6 cm2 s-1)28 and electrochemical simulation (D = 8 x 10-6 cm2 s-1)162. Deviations 
from the idealized sigmoidal waveshape occurred at high rotation rates (ω ≥ 377 rad s-1), consistent with 
kinetic limitations imposed by the electron transfer process (see Section 1.4.2).13  
 
Figure 4.4 Stationary cyclic voltammogram (black) and RDE voltammograms of 0.5 mM 
Co(dmgBF2)2(CH3CN)2 in 0.25 M [NBu4][PF6] acetonitrile solution at 0.025 and 0.01 V s-1, respectively. 
Rotation rates for RDE voltammograms range from 42 rad sec-1 (red) to 377 rad sec-1 (blue). Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
4.3.2 Electrochemistry of Co(dmgBF2)2(CH3CN)2 in the presence of acid 
 Voltammetric responses for Co(dmgBF2)2(CH3CN)2 were recorded in the presence of three acids 
spanning 2.6 pKa units [pKa(CH3CN): 4-methoxyanilinium pKa = 11.86;115 anilinium, pKa = 10.62;115 4-
trifluoromethoxyanilinium, pKa = 9.2828]. For all trials in the presence of acid, the E1/2 for the catalytic wave 
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was positive of the CoII/I couple, behavior consistent with a catalytic pathway where the first chemical step 
is rapid relative to subsequent chemical steps. In most cases, a current enhancement at the CoII/I redox 
couple was concomitant with this positive potential shift.  The degree of current enhancement increased 
upon moving to lower pKa acids or higher acid concentrations, as expected for a catalytic wave (Table 4.1, 
Figure 4.5, and Appendix D.2).  
 
Figure 4.5 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of acid (grey) and in the 
presence of 0.5 mM (dashed lines) or 5 mM (solid lines) 4-trifluoromethoxyanilinium (blue), anilinium 
(green), and 4-methoxyanilinium (red) illustrate how the degree of current enhancement increases with 
stronger acids and higher acid concentrations. In all cases, the catalytic wave falls at potentials positive of 
the CoII/I redox couple. All voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile at 0.01 V s-1 and 
recorded at 42 rad sec-1. The vertical axis has been converted to dimensionless current. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
Acid pKa also influences the relationship between the catalytic plateau current (ipl) and acid 
concentration. A first-order dependence of ipl on (acid concentration)1/2 was observed for anilinium, 
indicating that the observed rate constant for catalysis is first order in acid. In contrast, a linear relationship 
between ipl and acid concentration with a slope of -0.3 mA cm-2 M-1 was observed for 4-
trifluoromethoxyanilinium, indicating that the catalytic response is governed by diffusion of substrate into 
the reaction layer (Appendix D.2).15 These ipl–acid concentration relationships are consistent with those 
observed during stationary electrochemical trials.28,56,162,167  
In some trials, the current response deviated from the sigmoidal shape expected under steady state 
conditions. Instead of reaching the flat, potential-independent plateau current expected for a steady-state 
voltammogram, these catalytic responses exhibited a sloping plateau which did not reach a limiting value 
within the experimental potential window. Possible phenomena underpinning this failure to obtain a flat 
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plateau are discussed in more detail in section 4.4.3 and the methodology used to identify a limiting current 
value for these non-ideal cases are described in Appendix D.2. While these challenges introduce 
quantitative uncertainty in some analysis, they do not impact the overarching qualitative trends.  
4.3.3 Qualitative trends upon varying acid pKa, acid concentration, and rotation rate 
 Variable rotation rate studies were conducted for 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence 
of 1 and 10 equivalents of each acid in order to qualitatively explore the competition between kinetics and 
mass transport (Table 4.1, Figure 4.6, and Appendix D.2). It should be noted that each set of variable 
rotation rate trials was collected with the same working electrode without polishing between RDE 
voltammograms and in the same solution of Co(dmgBF2)2(CH3CN)2 and acid. As rotation rates were 
sampled in ascending order, this introduces quantitative error which will becomes more acute at higher 
rotation rates due to the confounding factors detailed in section 4.4. Despite this quantitative uncertainty, 
the qualitative trends will still be pertinent, especially those observed at low rotation rates. 
 
Table 4.1 Ψ∞ values for variable rotation rate studies (42 – 262 rad sec-1) 
acid γ Ψ∞ (262 – 42 rad sec-1) 
4-trifluoromethoxyanilinium (pKa = 9.28) 
1 1.62-1.65 
10 5.23-6.74 
anilinium (pKa = 10.62) 
1 1.27-1.36 
10 2.6-2.9 








Figure 4.6 Variation in Ψ∞ as a function of rotation rate for RDE voltammograms of 0.5 mM 
Co(dmgBF2)2(CH3CN)2 in the presence of either 0.5 (hollow circles) or 5 (solid circles) mM 4-
methoxyanilinium (blue), anilinium (green), and 4-trifluoromethoxyanilinium (red). Dashed grey line 
represents 𝛹∞ for 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of substrate. Voltammograms recorded 
at 0.01 V sec-1 in 0.25 M [NBu4][PF6] acetonitrile. Rotation rates varied from 42-262 rad sec-1 in ascending 
order. All 𝛹∞ values calculated using the baseline corrected catalytic plateau currents. See Appendix D.2 
for RDE voltammograms and further information on experimental parameters. Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by 
permission of The Royal Society of Chemistry. 
In the presence of 10 equivalents of 4-trifluoromethoxyanilinium and anilinium, Ψ∞ values greater 
than 2 were obtained at all rotation rates, implying catalyst turnover occurs at the electrode surface. As the 
rotation rate was increased over a range of 42-262 rad sec-1, Ψ∞ monotonically decreased by 1.5 and 0.3 
units for 4-trifluoromethoxyanilinium and anilinium, respectively. The dependence of Ψ∞ on rotation rate 
indicates that the catalytic response is under mixed mass transport-kinetic control. In contrast, a Ψ∞ value 
of approximately 1.4 was observed at all rotation rates for voltammograms recorded in the presence of 10 
equivalents of the weaker acid 4-methoxyanilinium, indicating catalyst turnover does not take place at the 
electrode surface.  
A peak current in the range of 1 < Ψ∞ < 2 indicates that some percentage of catalyst at the 
electrode surface undergoes the ECE portion of the catalytic cycle before being swept into the bulk solution, 
however the fate of the remaining fraction of catalytic species at the electrode surface as well as what 
limiting elementary step hinders their ability to undergo a complete ECE conversion remains unclear. 
Namely, while this peak current range implies a single electron transfer from the electrode to this remaining 
fraction of catalytic species does take place, it provides no information as to whether these singly reduced 
species are protonated at the electrode surface. One possibility is that the current is limited solely by the 
kinetics of the first protonation (k1) (Figure 4.7, Pathway A). In this scenario, fast electrode kinetics ensure 
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that all EC products generated at the electrode surface are immediately reduced, however the rate of 
protonation is so slow that only a fraction of the singly reduced Co(I) at the electrode surface are protonated 
and thus available to undergo a second electron transfer. The second extreme is that sluggish kinetics for 
the second electron transfer limit the current response (Figure 4.7, Pathway B). In this scenario, a rapid 
initial protonation coupled with slow interfacial charge transfer to the Co(III)-H species leads to a build-up 
of EC products at the electrode surface, only a small portion of which are reduced before being swept into 
solution. The latter explanation is in line with qualitative observations from stationary electrochemical 
analysis; an anodic feature corresponding to the oxidation of Co(III)-H is observed in stationary cyclic 
voltammograms when working with weak acids such as 4-methoxyanilinium.27 
 
Figure 4.7 Two limiting scenarios will result in catalytic voltammograms with plateau current values of 1 <
Ψ∞ < 2. (A) If the kinetics for the first protonation step (k1) are slow relative to rotation rate, the singly 
reduced Co(I) species will be swept away from the electrode surface before protonation can occur. This 
limits the amount of EC product Co(III)-H available for reduction at the electrode surface. (B) Alternatively, 
the current may be limited by the rate of electron transfer from the electrode to the EC product Co(III)-H. In 
this case, only a fraction of the Co(III)-H is reduced at the electrode surface before being swept into the 
bulk solution. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 
2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
Upon moving to 1 equivalent of acid, Ψ∞ values less than 2 are obtained for all acids at all rotation 
rates sampled. The two strongest acids show a far smaller variance of Ψ∞ as a function of rotation rate with 
Ψ∞ values of ca. 1.6 and 1.3 observed at all rotation rates for 4-trifluoromethoxyanilinium and anilinium, 
respectively. The magnitude of these Ψ∞ values are consistent with a transition between the EC and ECE 
regimes.  For 4-methoxyanilinium, a single peak with a  Ψ∞ near 1 was observed indicating there is little to 
no contribution to the current from the second electron transfer. However, even at the fastest rotation rate, 
the half-wave potential of this feature falls nearly 30 mV positive of the CoII/I redox couple (Figure 4.9). This 
large positive shift in E1/2 coupled with a Ψ∞ near 1 is consistent with the EC regime.  
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4.3.5 Plateau current and foot-of-the-wave analysis for multi-step catalysis at the RDE 
 Two mechanisms for extracting figures of merit from ECEC′ RDE voltammograms can be easily 
envisioned which build off the plateau current analysis and foot-of-the wave analysis which was recently 
developed for the analysis of stationary cyclic voltammograms (see Section 1.2.3). The convergence of the 
Nernst Diffusion Layer approach and the Hale approach under pure kinetic conditions in the absence of 
substrate consumption (see Section 4.2.2 and Appendix C.3) allows us to use the Nernst Diffusion Layer 
approach to derive explicit equations describing the plateau current and the current at the foot of the wave 
for an ECEC′ mechanism at the RDE (Appendix C.4). 
Frameworks for interpreting kinetic information from the plateau current as well as the half-wave 
potential of steady-state catalytic responses have been rigorously derived for a variety of two-electron, two-
step reaction schemes in the context of stationary voltammetry.36 For multi-step reactions, the observed 
rate constant is still directly determined from the plateau current per equation 1.2.3, however the exact rate 
constant reflected by kobs will vary by mechanism. Our derivations in Appendix C.4 show that plateau current 
analysis for the ECEC′ reaction can be directly transposed from stationary CV to RDEV such that equation 
1.2.3 describes the limiting plateau current of a RDE voltammogram. However, differences in experimental 
set-ups render plateau current analysis impractical for the analysis of Co(dmgBF2)2(CH3CN)2 when working 
with para-substituted aniliniums in acetonitrile. As mentioned above, this tool can only be applied when a 
rotation rate-independent current, representing the kinetic current in the absence of mass transfer effects, 
is reached.36,101 Reaching this regime requires balancing the need for fast kinetics and a sufficiently large 
excess of substrate such that substrate consumption can be considered negligible.15 The need for a 
sufficiently large excess factor can pose a serious challenge when using the high solution volumes (in this 
case 100 mL) required for many RDE set-ups to ensure that the electrode is both adequately submerged 
in the solution and sufficiently distant from the cell bottom to avoid turbulence. This obstacle is further 
compounded by the propensity of the solution to evolve over the course of multiple trials (see section 4.4.1) 
which imposes the additional requirement that a new solution be used for each measurement to ensure 
accurate results. While this may not be problematic when evaluating HER under aqueous conditions, it 
presents severe limitations when working in organic solvents with anilinium acids. For one, it would require 
extensive preparation of substrate to be able to conduct the trials necessary to confirm the plateau current 
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is rotation rate-independent and ensure reproducibility of the results. In light of the recent global acetonitrile 
shortage, these large solvent requirements also bring the question of sustainability to the fore.  
Thankfully, the excellent progress made over the past decade towards modelling and extracting 
figures of merit from stationary voltammograms now allow kinetic information to be derived even when 
competing side phenomena make access to the idealized kinetic current impractical or impossible via foot-
of-the-wave analysis (FOWA) (section 1.2.3).36,46 While this procedure was original developed for stationary 
CV, it can be readily extended to RDEV for the ECEC′ mechanism. A modified procedure was developed 
to transpose FOWA to RDEV (Appendix C.4). The Randles-Sevcik equation was replaced with the Levich 
equation (equation 1.4.3), which describes the plateau current (il) at a RDE for a homogeneous redox 
reaction. This normalization trick allows FOWA to be performed without measuring the electrode surface 
area. It is not necessary to derive new relationships to mathematically describe the idealized catalytic 
response because these equations reflect the steady-state catalytic response. For an ECEC′ mechanism 
where the second electron transfer is more thermodynamically favorable than the first and the first chemical 
step is not rate-limiting, the current-potential response can be estimated by equation 4.1 at 𝐸 ≫ 𝐸𝑜′.36 
Dividing equation 4.1 by the plateau current for the one-electron reduction of Co(dmg2BF2)2(CH3CN)2, as 















In line with the normalization procedure discussed above, the experimentally obtained catalytic response 
(ic) would now be divided by the plateau current (il) instead of the peak current (ip). Plotting this ic/il ratio as 
a function of 1/(1 + exp[θ]) gives a linear relationship at the foot of the wave with a slope that reflects kFOWA. 
To the best of our knowledge, this modified form of FOWA has not been previously applied in 
RDEV. As such, a series of digital simulations were carried out to evaluate whether FOWA can be reliably 
extended to RDE voltammograms for an ECEC′ catalytic mechanism (Appendix D.3). These simulations 
confirm that FOWA can be used to evaluate the rate constant for the first chemical step, however the 
accuracy of this k1 value will heavily depend on two factors: the difference between the redox potential for 
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the two electron transfers (∆𝐸 = 𝐸2 − 𝐸1) and the ratio of the two rate constants (k1/k2). These observations 
are consistent with the known limitations of FOWA and are not exclusive to the application of this tool in 
RDEV.17 
To experimentally evaluate the efficacy of FOWA for RDEV, modified FOWA methodology was 
used to estimate k1 for proton-reduction by Co(dmgBF2)2(CH3CN)2 with 4-trifluoromethoxyanilinium. For 
RDE voltammograms of Co(dmgBF2)2(CH3CN)2 with 4-trifluoromethoxyanilinium, converting the potential 
axis to 1/(1 + exp[θ]) and dividing the current by il produced traces that are linear at the foot of the catalytic 
wave (Figure 4.8). Using equation 4.2, an kFOWA was extracted from the slope of this linear region which, 
for an ECEC′ mechanism, will reflect the faster rate constant of the first chemical step. Values for kFOWA 
were found to linearly correlate with acid concentration, allowing a second order rate constant of k1 = 
8.42×106 M-1 s-1 (𝑘𝐹𝑂𝑊𝐴 = 𝑘1𝐶𝐴
𝑜) to be calculated (Appendix D.3). This value is in excellent agreement with 
the value determined by FOWA under stationary conditions (k1 = 9.91x106 M-1 s-1), supporting the extension 





Figure 4.8 (A) RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of acid (grey) and in 
the presence of 0.181 (black), 0.5 (blue), 0.55 (green), 1 (yellow), 4 (orange), and 5.5 (red) mM 4-
trifluoromethoxyanilinium. All voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile at 0.01 V s-1 and 
recorded at 42 rad sec-1. (B) FOW plot obtained by converting the current to the ic/il ratio and converting 
potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-coded to 
correspond with their RDE voltammogram. Grey dashed are the linear fit of the foot of the wave. FOWA 
plot expanded to focus on linear region at the foot of the wave. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of 
The Royal Society of Chemistry. 
4.3.6 Avenues for future work 
E1/2-λ relationships have been shown to afford important mechanistic and kinetic information for a 
number of homogeneous chemical reactions at the RDE, however these derivations have been limited to 
unimolecular first order reactions, bimolecular dimerization reactions, and the EC′ catalytic mechanism. 
While this prevents direct application of these relationships for HER catalysts, these tools could be 
analytically or empirically extended to the more complex reaction pathways operative in fuel-forming 
reactions. This work identified two specific sub-sets of peak shift analysis relevant for the analysis of ECEC′ 
mechanisms.  
The first is peak shift analysis of total catalysis waveforms. While it is not anticipated that the 
relations derived for the EC′ catalytic mechanism (equation 1.4.6) can be directly transposed to multi-step 
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processes, comparable equations relating E1/2 to λ are anticipated, akin to what has been derived for the 
stationary analogue of peak shift analysis.28,35 Digital simulations show the existence of a total catalysis 
regime in which a catalytic wave with an E1/2 value that varies as a function of λ can be resolved at potentials 
positive of the catalyst’s redox couple (Figure 4.1 and Appendix C.3). It is beyond the scope of this work 
to develop a generalized and quantitative framework for peak shift analysis in the total catalysis regime for 
ECEC′ reactions. It is worth noting that preliminary in silico work on this topic has shown that the total 
catalysis waveform is incredibly sensitive to the ratios of the rate constants for the chemical steps, the 
potential separation between electron transfer steps, as well as the standard heterogeneous rate constant 
(Figure 4.2 and Appendix A.3). 
The second subset of peak shift analysis relates to multi-step catalytic reactions where k1 is so slow 
that the second electron transfer doesn’t occur (EC limiting regime). As discussed above, variable rotation 
rate trials with 1 equivalent 4-methoxyanilinium displayed behavior consistent with the EC limiting regime. 
The half-wave potential of these voltammograms were found to vary linearly as a function of rotation rate 
for ω > 42 rad sec-1 (Figure 4.9). A quantitative framework for extracting kinetic information from the 
variation in half-wave potential have been derived for second order, non-catalytic EC reactions; however 
the chemical step modelled in these derivations was a bimolecular dimerization and thus these relationships 
are not directly applicable to bimolecular chemical reactions between a catalyst and a substrate.24,102,155 
While this makes analytical derivation of an E1/2-λ1 relationships untenable without extreme approximation, 




Figure 4.9 (A) RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of acid (grey) and 
in the presence of 0.5 mM 4-methoxyanilinium at rotation rates of 42 (red), 94 (orange), 128 (yellow), 168 
(green), 212 (light blue), and 262 rad sec-1 (blue) with the vertical axis converted to dimensionless current. 
Voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile at 0.01 V s-1. (B) Plots of θ1/2 vs ln[ω1/2] for 
voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 0.5 mM 4-methoxyanilinium are linear 
in the rotation rate range 94-262 rad sec-1 where 𝛹∞ values ranged from 1.06 to 1.04. Experimental data 
points are denoted by blue circles and the linear fit of the five fastest rotation rates (94-262 rad sec-1) shown 
as a blue dashed line. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. 
L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
4.4 Obstacles to the application of RDEV to homogeneous catalysis 
 A number of technical challenges beyond those associated with large sample volumes were 
encountered during formal kinetic analysis of Co(dmgBF2)2(CH3CN)2 via RDEV. In certain cases, these 
challenges stemmed from limitations in the equipment design. In others, these challenges were specific to 
analysis of HER in organic solvents with acid as the proton source. In all cases, these studies highlight the 
challenges that must be overcome before RDE can become a practical tool for the study of multi-step, 
homogeneous molecular catalysis as a whole and HER under non-aqueous conditions in particular.  
4.4.1 Evolution of solution 
One of the major benefits of stationary CV is that it is a non-destructive technique; only the minute 
volume of reactants in the reaction layer immediately next to the electrode surface will be involved in the 
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measurement. From an experimental standpoint, this has the benefit of allowing, in the absence of catalyst 
degradation, multiple measurements to be collected in the same solution. For example, during analysis of 
Co(dmgBF2)2(CH3CN)2 with stationary electrochemical techniques, catalyst decomposition was only 
observed when working with the stronger para-substituted aniliniums [pKa(CH3CN) = 7.0-8.62)] and a fresh 
solution was only required for each voltammetric scan when working under these conditions.28 However, 
we were concerned that the redox intermediates generated at the electrode surface and subsequently 
swept into the bulk solution could accumulate to such appreciable levels that observable changes in the 
composition of the solution would take place over the course of multiple RDE voltammograms.    
To determine whether detectable quantities of redox active species can accumulate in the bulk 
solution under experimentally relevant conditions, RDE voltammograms were collected in a Fc-only solution 
at five rotation rates and open circuit potential (OCP) measurements were obtained between each 
voltammogram. During these voltammograms, the potential was first scanned positively until a limiting 
cathodic current (corresponding to the oxidation of ferrocene) was reached (ca. 0.4 V) at which point the 
scan direction was switched and the potential was scanned negatively until a baseline current was reached 
(ca. -0.45 V). OCP is a powerful metric for tracking solution composition as it can be directly related to the 
ratio of Fc+ and Fc using the Nernst equation (equation 1.1.2).14 Over the course of these trials, the OCP 
monotonically increased from -0.144 to -0.074 V vs Fc+/0, corresponding to a 5.4% increase in the 
concentration of Fc+. This change is concurrent with a cathodic increase in ibaseline as well as an observable 





Figure 4.10  RDE voltammograms of 2 mM ferrocene were collected at 5 rotation rates: 42 (red), 94 
(orange), 168 (yellow), 262 (green), and 316 (blue) rad sec-1. Three voltammograms were recorded at each 
rotation rate – first (solid line) and third (dashed line) voltammograms are shown, second voltammogram 
omitted for clarity. RDE voltammograms recorded at 0.005 V s-1 in 0.25 mM [NBu4][PF6] acetonitrile and 
OCP measurements were collected between voltammograms. Stationary voltammogram (grey trace) 
collected at 0.05 V s-1 prior to RDE trials. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, 
B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of 
Chemistry. 
Quantitative analysis of these voltammograms and OCP measurements indicates that the cathodic 
increase in baseline current is a direct result of accumulating [Fc+] in the bulk solution. For one, ibaseline (after 
normalizing for ω1/2) directly correlates with the [Fc+]/[Fc] ratio determined from the OCP measurement 
taken directly prior to the voltammogram (Figure 4.11A). Moreover, the [Fc+]/[Fc] ratio linearly depends on 
the total charge passed prior to the OCP measurement (Figure 4.11B). Satisfyingly, plotting the total moles 
of oxidized ferrocene as a function of total charge passed gives a linear dependence with a slope close to 
the ideal proportionality: moles electrolyzed = 
𝑄
𝑛𝐹





Figure 4.11 Data extracted from RDE voltammograms and OCP measurements obtained in 2 mM Fc in 
0.25 M [NBu4][PF6] acetonitrile. Three voltammograms were collected at each rotation rate where the 
potential was swept from –0.45 V to 0.4 V back to –0.45 V. OCP was related to the ratio of [Fc+]/[Fc] using 






). (A) Rotation rate-normalized baseline current for RDE 
voltammograms plotted as a function of the [Fc+]/[Fc]  ratio determined from the OCP measurement taken 
directly prior to the start of the voltammogram. (B) The ratio of [Fc+]/[Fc] determined via OCP as a function 
of the charge passed in all previous RDE voltammograms. (C) The moles of Fc+ linearly depends on the 
total charge passed during all prior scans with a slope of 8.25e-06 mol C-1, which is in reasonably good 
aggreement with the predicted value of (1/nF). Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; 
Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal 
Society of Chemistry. 
Similar deviations in the baseline current were observed under catalytic conditions. For RDE 
voltammograms collected in a fresh solution of Co(dmgBF2)2(CH3CN)2 and acid with a Fc or Fc* internal 
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standard, little to no current is passed between the catalytic wave and the Fc+/0 or Fc*+/0 couple, as expected 
for a system where the Co(II) form of Co(dmgBF2)2(CH3CN)2 and the neutral form of Fc or Fc* are the only 
redox active analytes.  For subsequent voltammograms collected in the same solution, additional cathodic 
current was observed in this potential range, consistent with the accumulation of Fc+ or Fc*+ (Figure 4.12). 
Accumulation of oxidized internal standard was also observed spectroscopically under catalytic conditions  
(Appendix D.4).  
Taken together, these experiments show that redox active species generated at the RDE surface 
and subsequently swept into solution can alter the composition of the solution to such a degree that it 
influences the current-potential response, in these instances manifesting as an increase in ibaseline. These 
results further emphasize the need for RDE set-ups which require small sample volumes (and thus can be 
replaced between scans) if RDEV is to be practical for the study of homogeneous molecular catalysis. 
 
Figure 4.12 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-trifluoromethoxyanilinium 
and 0.5 mM decamethylferrocene. Rotation rates increased from 42 (blue) to 513 (red) rad sec-1. 
Voltammograms started at -0.25 V and recorded at 0.01 V sec-1 in 0.25 M [NBu4][PF6] acetonitrile. Lee, K. 
J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-
1278 – Reproduced by permission of The Royal Society of Chemistry. 
4.4.2 Modification of glassy carbon electrodes   
 An important consideration during any electrochemical study is the possibility of deleterious 
deposition reactions that result in modification of the electrode surface (see Section 1.3.1). In the 
homogeneous electrocatalysis literature, the most commonly reported class of electrodeposition reactions 
involve the transformation of a molecular precatalyst into a heterogeneous, electrode-adsorbed catalytic 
material that is no longer molecular in nature (see Section 1.3.2).62 Previous work evaluating the stability 
of Co(dmgBF2)2(CH3CN)2 has shown that while deposition of a weakly-adsorbed cobalt material is possible 
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under reducing and protic conditions, this reactivity only occurs when employing strong acids (e.g., 
protonated dimethylformamide, pKa = 6.1 in CH3CN).94 Less well discussed is the case where deposition 
of a non-catalytic material during catalytic trials leads to changes in the electrode surface area, morphology, 
or electron transfer kinetics.168 One particularly pertinent example of this reactivity involves the 
electrochemical reduction of certain Brønsted acids by glassy carbon electrodes which has been reported 
to generate an insulating film which can drastically inhibit electron transfer kinetics.48,73 
To assess the potential impact of acid-induced electrode fouling on catalytic voltammograms, a 
series of RDE voltammograms were collected in an electrolyte solution containing only 4-
trifluoromethoxyanilinium (and ferrocene as an internal standard). This electrode was then rinsed and used 
to collect a catalytic voltammogram under stationary conditions in a solution of 0.5 mM 
Co(dmgBF2)2(CH3CN)2 with 5 mM 4-trifluoromethoxyanilinium. Comparing these results to catalytic 
voltammograms collected with a freshly pretreated electrode shows a drastic increase in the peak-to-peak 
separation of the CoIII/II couple (ΔEp[CoIII/II]) (an additional redox couple of Co(dmgBF2)2(CH3CN)2 which is 
not relevant to catalysis) (Figure 4.13), behavior consistent with a decrease in the ks value for this couple 
(see Section 1.1.3). These results indicate that interactions between the acid and the electrode surface 
under reducing conditions can lead to a passivating surface deposit.13,24  
 
Figure 4.13 Stationary cyclic voltammogram of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 4-
trifluoromethoxyanilinium collected with a freshly polished working electrode (red) contains a reversible 
CoIII/II couple (E1/2 = 0.075 V). This feature is replaced by an irreversible wave for catalytic voltammograms 
recorded with working electrodes previously subjected to variable rotation rate studies in a solution of 4-
trifluormethoxyanilinium (blue). Voltammograms recorded at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile 
using a decamethylferrocene internal standard [E0'(Fc*+/0) = -0.505 V]. Lee, K. J.; Gruninger, C. T.; Lodaya, 
K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission 
of The Royal Society of Chemistry. 
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To probe whether this deposition was relevant under catalytic conditions, variable rotation rate trials 
were conducted in a solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-trifluoromethoxyanilinium and 
stationary voltammograms were collected between the RDE voltammograms. These stationary 
voltammograms show a clear, monotonic increase in ΔEp[CoIII/II] over the course of the RDE trials (Figure 
4.14 and Appendix D.5), identical to the behavior observed in stationary voltammograms recorded after 
RDE measurements in an acid only solution (Figure 4.13). This suggests that the properties of the electrode 
interface can be altered over the course of a single RDE trial, a phenomenon not observed during control 
studies where multiple cycling experiments were conducted under stationary conditions (Appendix D.5). A 
second series of control studies analogous to the RDE trials described for Figure 17 also suggest that the 
degree of acid-induced electrode fouling observed after repetitive cycling in the presence of acid is more 
pronounced in hydrodynamic experiments relative to their stationary counterparts (Appendix D.5). While 
these studies do not elucidate a precise explanation for this difference in behavior between hydrodynamic 
and stationary conditions, they do serve as a cautionary tale that great care should be taken when trying to 





Figure 4.14 (A) Stationary cyclic voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-
trifluoromethoxyanilinium collected before variable rotation rate trials (blue) and after RDE voltammograms 
obtained at 42 – 513 rad sec-1 (grey to red). Voltammograms obtained at 0.1 V s-1 in 0.25 M [NBu4][PF6] 
acetonitrile using a decamethylferrocene internal standard. (B) Expansion of CoIII/II redox couple shows 
monotonic increase in peak separation over the course of the variable rotation rate trials. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
Monitoring electrode properties with stationary voltammetry during variable rotation rate trials with 
0.5 mM Co(dmgBF2)2(CH3CN)2 and 5 mM anilinium yielded results which suggest that more complex 
reactivity than simple electrode passivation by an acid-related process is taking place (Figure 4.15). In 
these trials, no increase in ΔEp[CoIII/II] is initially observed. Instead, the peak current for the catalytic feature 
initially increases in magnitude, behavior similarly observed in voltammograms collected with 5 mM 4-
methoxyanilinium (Appendix D.5). After some number of scans, the peak current in the stationary 
voltammograms begins to decrease, a phenomenon accompanied by an increase in ΔEp[CoIII/II]. A 
preliminary postulate is that deposition initially manifests as an apparent increase in electroactive surface 
area which, upon reaching some critical mass or geometric specifications, results in an apparent decrease 
in the heterogeneous electron transfer rate constant, however more rigorous evaluation of this phenomena 




Figure 4.15 (A) Stationary voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 
anilinium collected before RDE trials (dark blue trace), after RDE trials (dark red), and in between each 
RDE trial during variable rotation rate studies. Voltammograms divided into 3 subsets: voltammograms 
collected after trials at 42–131 (light blue), 168 (black), and 199–513 rad sec-1 (light red). Voltammograms 
obtained at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile using a Fc* internal standard. (B) 𝛹∞ values for the 
catalytic wave and (C) and ΔEp[CoIII/II] couple as a function of the rotation rate for the RDE trial collected 
prior to the stationary voltammogram. Rotation rates were traversed in ascending order, such that moving 
from left to right across the x-axis represents both an increase in ω and trial number. Grey dashed line 
represents the voltammogram collected after the RDE trial at 168 rad sec-1, corresponding to the black 
trace in panel A, and demarcates the onset of observable electrode passivation. For voltammograms 
collected prior to this trial, an increase in Ψ∞ is observed with little to no change in ΔEp[CoIII/II]. For all 
voltammograms collected subsequent to this trial, a decrease in 𝛹∞ and a monotonic increase in ΔEp[CoIII/II] 
is observed. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 
2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
4.4.3 Inclined plateau currents introduce quantitative uncertainty 
 A challenge commonly encountered during this work was the failure to achieve a flat plateau current 
during catalytic trials, with current-potential responses instead exhibiting an inclined plateau that never 
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reached a potential-independent current value (Figure 4.12). The inability to reach limiting plateau currents 
is not uncommon in RDEV, with imperfections in the equipment (e.g. cell, rotator, electrode) commonly 
invoked as the source of this problem. For all rotation rates used in this work, it was possible to achieve 
limiting plateau currents when evaluating simple electron transfer with Co(dmgBF2)2(CH3CN)2 in the 
absence of acid (Figure 4.4), making it highly unlikely that the inclined plateaus stemmed from equipment 
defects.  
While we were not able to diagnose the exact reactivity underpinning this phenomenon, a few 
possibilities were identified. One possibility is that electrodeposition increases the effective electrode 
surface area during the potential sweep. This explanation is consistent with the initial apparent increase in 
electrode area observed in stationary voltammograms collected between RDE voltammograms during 
variable rotation rate trials for Co(dmgBF2)2(CH3CN)2 with anilinium and 4-methoxyanilinium (Figure 4.15 
and Appendix D.5). An alternative explanation is that these sloping plateaus stem from contributions to the 
catalytic current from direct reduction of acid at the electrode surface.169 The latter explanation is in line 
with earlier models which propose that inclined plateau currents are a direct results of reactivity intrinsic to 
heterogeneous catalytic systems.170  
All acids used in this work had been previously shown to undergo direct reduction at potentials 
substantially negative of the catalytic wave of Co(dmgBF2)2(CH3CN)2 under stationary conditions.48 
However, analysis of acid electroreduction by RDEV indicates that guidelines developed for stationary set-
ups cannot be directly translated to RDEV. The onset of acid reduction in RDE voltammograms can be 
clearly identified at more positive potentials compared to trials under stationary conditions; behavior 




Figure 4.16 (A) RDE voltammogram of 1.25 mM 4-trifluoromethoxyanilinium recorded at 377 (blue) rad 
sec-1 overlaid with the background scan collected in 0.25 M [NBu4][PF6] acetonitrile (red). Voltammograms 
obtained at 0.01 V s-1 using a ferrocene internal standard. We have not identified the sharp feature observed 
on the anodic scan at Ep ~ 0.85V vs. Fc+/0, but note it is consistent with deposition of a heterogeous species 
on the electrode surface (see 3.2).62 (B) Stationary cyclic voltammograms of 1.25 mM 4-
trifluoromethoxyanilinium (blue) overlaid with the background scan collected in 0.25 M [NBu4][PF6] 
acetonitrile (red). Voltammograms recoreded at 0.1 V s-1 using a ferrocene internal standard. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
 In RDEV, the extent that direct reduction impacts the electrochemical response will depend on the 
relative kinetics of homogeneous catalysis and the electrode process, making it challenging to tease apart 
the relative contributions of the two processes. For fast homogeneous catalysis and slow direct reduction 
of acid, kinetic analysis will likely be unencumbered by direct reduction current. However, if direct reactivity 
at the electrode surface is not negligible, it can skew both the magnitude and shape of the waveform, 
resulting in an inclined plateau current that does not reach a potential-independent value. Without 
appropriate methods for deconvoluting the contribution of the two processes, it is challenging to objectively 
extract a plateau current and quantitatively analyze data. Given the importance of Brønsted acids as a 
proton source when evaluating molecular HER catalysts in organic solvents, serious evaluation of direct 
acid reduction at the RDE surface is warranted before RDEV can be rigorously used to study molecular 
HER catalysts in non-aqueous conditions. 
4.5 Conclusions 
Characterizing and quantifying the complex reactivity underpinning multi-step electrocatalysis 
requires advanced electrochemical techniques which can couple catalytic current flow obtained from 
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voltammetry with real-time detection of products or reactive intermediates. The viability of techniques based 
on rotating disc electrodes for the analysis of multi-step, homogeneous fuel-forming reactions has been 
explored. Mathematical models for analyzing and digitally simulating RDE voltammograms for the ECEC′ 
catalytic mechanism were derived using two strategies based on the Nernst Diffusion Layer and application 
of Hale Theory. Digital simulations showed convergence of these models over a wide range of reaction 
conditions which allowed plateau current analysis and foot-of-the-wave analysis – two methodologies 
commonly used for analysis of stationary voltammograms – to be extended to RDEV. 
Application of RDE techniques to a well-characterized cobaloxime HER electrocatalyst validated 
this theoretical treatment and allowed the viability of RDE techniques for analysis of multistep catalytic 
reactions to be evaluated in a real-world setting and compared to stationary electrochemical methods. While 
both stationary and RDE measurements yield similar quantitative data, experimental obstacles support the 
use of stationary electrochemical methods for primary analysis of homogeneous HER electrocatalysis 
under non-aqueous conditions. These results also highlight the clear need for accessible and affordable 
small volume RDE set-ups for this tool to be practical on a large scale.  
Three additional obstacles to the application of RDEV to homogeneous HER catalyst under non-
aqueous conditions were identified: (1) redox intermediates swept into the bulk solution can alter the 
solution composition and impact voltammetric data; (2) interactions between common acids and glassy 
carbon can passivate the electrode surface during RDE trials; (3) the inability to achieve flat plateau currents 
– likely due to contributions from direct substrate reduction – hinders accurate extraction of kinetic data. 
This theoretical treatment along with the careful consideration of experimental challenges will hopefully 
guide the development of cutting-edge electrochemical techniques and ensure appropriate application of 
RDE for the characterization of fuel-forming electrocatalytic reactions.  
4.6 Experimental 
4.6.1 General Considerations.  
All chemical syntheses were performed using either a nitrogen-filled glovebox or a high-vacuum 
manifold with standard Schlenk techniques. Solvents were degassed with argon and dried using a solvent 
system (Pure Process Technology). Water for polishing was obtained from a Milli-Q system. 
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Tetrabutylammonium hexafluorophosphate (TCI, > 98%) was recrystallized from hot ethanol, washed with 
cold ethanol, and dried under vacuum for 8 hours at 80⁰C. 
Co(dmgBF2)2(H2O)2 was synthesized and recrystallized according to literature methods and 
characterized via UV-vis absorbance spectroscopy.171 Absorbance measurements were taken using an 
Agilent Cary 60 UV-vis spectrometer. Anilinium tetrafluoroborate,48 4-methoxyanilinium tetrafluoroborate,48 
and 4-trifluoromethoxyanilinium tetrafluoroborate28 were prepared according to literature methods. 
4.6.2 Electrochemical Methods  
All electrochemical measurements were performed in a nitrogen-filled glovebox using electrode 
leads that were fed through a custom port and connected to a WaveDriver potentiostat (Pine Research 
Instrumentation). Experiments were conducted in a 150 mL glass cell (Pine Research Instrumentation, 
model: RRPG310) with a WaveVortex 10 electrode rotator (Pine Research Instrumentation, model: 
AF01WV10). Measurements were performed using a standard three-electrode configuration with the 
platinum wire counter electrode and silver wire pseudoreference electrode immersed in glass tubes filled 
with 0.25 M [NBu4][PF6] acetonitrile and isolated from the main cell compartment via a porous glass frit. 
Glassy carbon working electrodes (Pine Research Instrumentation, 5 mm OD, model: AFE5T050GCPK) 
were polished using a Milli-Q water slurry of 0.05 µm polishing powder (CH Instruments, no agglomerating 
agents), rinsed and sonicated in Milli-Q water, and rinsed with acetone. Working electrodes were 
electrochemically pretreated with three cyclic scans between 0.7 V to -2.8 V vs Fc+/0 couple (approximately) 
at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile solution. All RDE voltammograms used for quantitative 
measurements were collected with a newly cleaned and pretreated working electrode in a fresh solution 
unless otherwise noted. All voltammograms were recorded in 0.25 M [Bu4][PF6] acetonitrile solution and 
internally referenced to ferrocene.  
Electrochemical simulations were performed using DigiElch Version 8.FD (Gamry) and MATLAB 
(The Mathworks). MATLAB simulations were carried out using custom prepared scripts utilizing a fully 
implicit finite difference formula paired with standard Newton-Raphson method to solve the resulting 





CHAPTER 5. Exploring the Reactivity and Stability of Platinum(III) Diimine Cation Radicals  
5.1 Introduction 
The recent renaissance in transition metal-mediated electrocatalysis has sparked interest in 
developing electrochemical analogues for thermal catalytic systems that rely on stoichiometric chemical 
redox reagents (reductants and oxidants).172,173 By obviating the need for chemical redox reagents, this 
electrochemical strategy increases the atom economy of a reaction while avoiding the generation of by-
products that may promote deleterious side reactivity and will ultimately need to be separated from 
solution.174 It also affords more precise control over the driving force of the reaction which would now be 
determined by the electrode potential instead of by the intrinsic property of the chemical redox reagent.175 
One transformation that stands to benefit from this electrochemical strategy is methane 
functionalization.176,177 Currently, utilization of CH4 is limited by its low boiling point, which prevents 
liquefaction at practically accessible temperatures, coupled with the high cost and risk of transporting it as 
a gas.178 Efficient utilization of this gaseous resource as a fuel requires conversion to a liquid fuel with a 
comparable energy density, such as methanol (CH3OH). While the majority of industrial processes in the 
petrochemical industry utilize reactor beds with metal oxide or supported metal catalysts, the 
heterogeneous approach commercialized for the conversion of methane to methanol entails an indirect 
two-step route that operates at high temperatures, rendering it cost-prohibitive.179  
Molecular catalysts are an attractive alternative to heterogeneous systems for the selective C-H 
functionalization of methane because they promise to operate at low temperatures with high 
selectivity.177,180 The central challenge with any C-H activation scheme lies in the well-known inertness of 
alkanes, a result of their strong and localized C-H bond (ex. methane’s C-H bond dissociation energy = 105 
kcal mol-1), in tandem with the increased reactivity of the functionalized products.181 Molecular catalysts for 
alkane oxidation must be capable of activating these robust C-H bonds while simultaneously engendering 
the selective functionalization of the metal-alkyl species. Few molecular platforms can promote both C-H 
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activation and functionalization without degrading or undergoing further reactions with the desired products 
with even fewer examples of systems applicable to CH4.  
Molecular PtII–based systems that employ stoichiometric chemical oxidants have proved to be 
uniquely capable of promoting selective alkane functionalization, including CH4 oxidation. Many of these 
molecular species build off seminal work from Shilov who demonstrated in the early 1970s that K2PtCl4 
catalyzes the oxidation of methane to methanol and chloromethane in the presences of stoichiometric 
K2PtCl6.182 Extensive mechanistic studies have established the general reaction pathway by which PtII 
coordination complexes promote C-H activation for systems employing chemical oxidants (Scheme 5.1): 
1) CH4 reacts with the PtII species through an electrophilic substitution reaction to afford the C-H activated 
product, a PtII-CH3 species, 2) Two-electron oxidation of PtII-CH3 by chemical oxidants yields PtIV-CH3, and 
3) Reductive functionalization of PtIV-CH3 via nucleophilic attack of H2O to yield CH3OH and regenerate the 
PtII catalyst.183  
Scheme 5.1 | General mechanism of C-H activation by Pt(II) catalysts with chemical oxidants 
 
A central challenge of translating this reactivity over to a commercially viable system is replacing 
the PtIV in the Shilov system with a more practical oxidant.183 The ideal terminal oxidant for large-scale 
commercial processes is O2, a criteria that constrains the list of viable catalysts to those which generate 
PtII-alkyl complexes with PtIV/II redox potentials positive of the O2/H2O couple and lowers the available 
driving force for the reaction. Furthermore, the sluggish kinetics associated with direct oxidation by O2 often 
renders it too impractical to be used directly. Many reported systems thus attempt to exploit intermediate 
chemical oxidants that can be directly regenerated by O2, most of which are based on H2SO4 and SO3.181 
These include the system reported by Periana and coworkers in which (2,2′-bipyrimidyl)platinum(II) 
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dichloride catalyzes the selective oxidation of methane to methyl bisulfate in concentrated sulfuric acid – 
with sulfuric acid acting as both solvent and oxidizing reagent.184 However, the inherent challenges 
associated with systems based on H2SO4/SO3  (e.g., side oxidation and dehydration reactions, the high 
cost of separation of methanol from concentrated H2SO4, and the corrosiveness of the system) could lead 
to prohibitively expensive costs.181 Despite decades of research devoted to the discovery of catalytic 
systems for methane functionalization, the inherent challenges with the use O2-regenerable stoichiometric 
oxidants still stymie these catalytic systems, preventing them from meeting the performance metrics 
necessary for industrial applications.  
By circumventing the limitations imposed by stoichiometric chemical oxidants, a versatile 
electrochemical strategy could allow molecular catalysts to achieve the performance required for industrial 
application. Surprisingly, no attempts have been made to capitalize on the advances in thermal alkane 
functionalization which have produced well-defined molecular PtII-based catalysts. Translating the 
stoichiometric oxidant-based reactivity of these state-of-the-art systems to an electrochemical set-up could 
maintain the selectivity engendered by these thermal systems while significantly enhancing turnover 
frequencies. This research has explored whether this reactivity can be translated to an electrochemical 
system, specifically focusing on a bipyridine (bpy) supported PtII species [(bpy)Pt(X)2] (Figure 5.1, complex 
1) which is a structural analogue of the Periana system (Figure 5.1, complex 2).184 In addition, similar 
complexes have been shown to electrocatalytically oxidize methane to carbon dioxide at low temperatures 
when tethered to ordered mesoporous carbon (Figure 5.1, complex 3).185 
 
Figure 5.1 (1) Generic structure for the platinum(II)-bipyridine platform to be explored in this work. (2) 
Periana-Catalytica system previously shown to catalyze CH4 oxidation using stoichiometric oxidants. (3) 
Tethered platinum(II) complexes shown to catalyze CH4 oxidation when tethered to conductive carbon. 
For this scheme to be successful, the electrochemical two-electron oxidation of the PtII-CH3 
intermediate must cleanly and quantitatively generate the reactive PtIV species (Scheme 5.1, step 2). To 
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evaluate whether this bipyridine based system can electrochemically access this PtIV-CH3 species, I have 
examined the oxidative reactivity of (bpy)Pt(CH3)2 which is one of the possible PtII-CH3 intermediates that 
would be formed upon C-H activation. There are two viable pathways for reaching the PtIV-CH3 intermediate 
from PtII-CH3: a direct, two-electron oxidation or two successive one-electron oxidations with a 
[(bpy)PtIII(CH3)2]•+ intermediate. For multi-electron redox reactions, the second electron transfer to/from a 
molecule is usually more thermodynamically difficult than the first (E1 > E2 for reduction, E1 < E2 for 
oxidations).15 As such, direct two-electron oxidations are less commonly observed for molecular transition 
metal complexes, making an oxidation pathway that proceeds via two successive one-electron transfer 
likely. Given this, the stability of the resulting PtIII-CH3 cation radical is paramount if quantitative generation 
of the critical PtIV intermediate is to be observed. A central challenge is that these PtIII species are 
susceptible to axially directed nucleophilic attack, by solvent or other species, at the Pt(III) cation. The 
stability of these intermediates has been investigated for a number of related Pt(II)-diimine ligands using 
cyclic voltammetry. These studies showed that the chemical reversibility of the PtIII/II redox couples is highly 
dependent on the steric bulk around the metal center. The PtIII/II redox couple for sterically unencumbered 
Pt(II)-diimine complexes are typically chemically irreversible across a broad range of scan rates (in some 
cases, at scan rates as high as 100 V s-1).186,187 With steric bulk at the metal center, however, chemically 
reversible PtIII/II waves are commonly observed as this additional steric shielding hinders the approach of 
nucleophiles to the Pt(III) cation radical.188 
 My research focused on investigating the oxidative chemistry of (bpy)Pt(CH3)2 through both 
chemical and electrochemical methods. This work has established that the one-electron oxidation of 
(bpy)Pt(CH3)2 in acetonitrile induces bimolecular methyl transfer to generate two cationic products: 
[(bpy)Pt(CH3)(CH3CN)]+ and [(bpy)Pt(CH3)3(CH3CN)]+. However, both the electrochemical and chemical 
oxidation reaction are highly sensitive to experimental conditions, in particular the presence of trace water. 
Preliminary mechanistic evaluation has highlighted the importance of the solvating ligand in facilitating this 
one-electron oxidative reactivity.  
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5.2 Results and Discussion 
5.2.1 Electrochemistry of (bpy)Pt(CH3)2 in acetonitrile suggests follow-up chemical reaction 
Cyclic voltammograms of (bpy)Pt(CH3)2 recorded in CH3CN contain a reversible, one-electron 
wave (E1/2 = -1.995 V, all values reported vs Fc+//Fc couple) assigned to the [(bpy)Pt(CH3)2]0/– redox couple. 
As ligand-centered reductions are common for transition metal complexes containing bipyridine ligands, 
reduction of (bpy)Pt(CH3)2 likely generates a bipyridine radical anion (Figure 5.2A). Scan rate (υ) 
dependence studies of the [(bpy)Pt(CH3)2]0/– couple show a linear dependence of ip,c on υ1/2, as expected 
for a diffusion-controlled species. A diffusion coefficient of D = 1.51e-05 cm2 s-1 was extracted from this 
linear dependence using the Randle-Sevcik equation (Appendix E.1).   
 
Figure 5.2 Cyclic voltammograms of 1 mM (bpy)Pt(CH3)2 recorded at 0.1 V s-1 in a 0.25 M [NBu4][PF6] 
acetonitrile solution. (A) Traversing the cathodic feature of the reversible [(bpy)Pt(CH3)2]0/- redox couple 
results in a bipyridine-based reduction to generate a bipyridine anion radical bonded to the platinum metal 
center. (B) The anodic feature A is assigned to the chemically irreversible oxidation of (bpy)Pt(CH3)2. 
Multiple new redox features (B, C, D, E, F) are observed on the return sweep of the cyclic voltammogram 
if and only if the anodic feature A is initially scanned through. 
An oxidative feature (A) assigned to a one-electron, metal-based oxidation of (bpy)Pt(CH3)2 to 
generate a PtIII cation radical is also observed via cyclic voltammetry. The Ep,a for peak A is concentration 
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and scan rate dependent (ca. -0.34 V at 1 mM (bpy)Pt(CH3)2, 0.1 V s-1) (Figure 5.2B) with Ep,a(A) moving 
to more positive potentials upon decreasing the concentration of (bpy)Pt(CH3)2 (Figure 5.3A, Appendix 
E.1) or increasing υ (Figure 5.3B, Appendix E.1). The dependence of Ep,a(A) on υ and concentration of 
(bpy)Pt(CH3)2 is consistent with a kinetic potential shift caused by a rapid homogeneous chemical reaction 
between more than one Pt-based species following the oxidation of (bpy)Pt(CH3)2.15  
Scanning through the oxidative feature A was both necessary and sufficient to generate new 
chemical species, as indicated by a series of new features (B-F) on the return scan. The exact number and 
characteristics of these features depended on the experimental parameters employed, however these 
cathodic peaks can be generally summarized as follows. Peak B is a sharp feature that falls ca. 70-100 mV 
more negative than A. A broad peak (C) is observed at potentials more negative than B. Features D, E, 
and F are observed at far more negative potentials (Ep,a = -1.78, -2.07, -2.24 respectively) alongside a 
reversible redox couple (E1/2 = -1.995 V) reminiscent of the [(bpy)Pt(CH3)2]0/- redox couple. Variable scan 
rate studies show that the relative current magnitudes for D, E, and F decrease upon decreasing the 
concentration of [(bpy)Pt(CH3)2] (Figure 5.3A) or increasing υ (Figure 5.3B). The scan rate and 
concentration dependence of features D, E, and F provide further evidence that the one-electron oxidation 
of (bpy)Pt(CH3)2 is followed by a chemical step involving more than on Pt-based species. This follow-up 




Figure 5.3 (A) Concentration dependence studies show a positive shift in the anodic peak potential for 
feature A upon decreasing concentration. Cyclic voltammograms of 0.25 (red), 0.5 (light red), 1 (light blue), 
and 2.5 (blue) mM (bpy)Pt(CH3)2 recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.1 V s-1. Voltammograms 
normalized by (bpy)Pt(CH3)2 concentration. (B) Scan rate dependence studies show a positive shift in 
Epa(A) upon increasing scan rate. Cyclic voltammograms of 2.5 mM (bpy)Pt(CH3)2 recorded in 0.25 M 
[NBu4][PF6] acetonitrile at 0.05 (red), 0.1 (orange), 0.2 (yellow), 0.5 (light green), 0.75 (dark green), 5 (light 
blue), and 10 V s-1 (blue). Voltammograms normalized by υ1/2. 
The relative magnitude of B and C also vary as a function of scan rate and concentration. At the 
lowest concentration sampled (0.25 mM), both B and C can be observed at 0.1 V s-1.  As concentration is 
increased, both B and C decrease in magnitude, with only B observed at concentrations of 2.5 mM (Figure 
5.3A).  As scan rate is increased at a constant concentration, the sharp feature B is increasingly lost while 
feature C increases in magnitude and shifts to more negative potentials (Figure 5.3B). For both scan rate 
and concentration dependence trials, the growth of C is concomitant with the loss of features D, E, and F. 
Even upon the complete loss of features D, E, and F, no obvious return feature for the PtIII/II redox couple 
is observed on the cathodic scan.  
These redox features were sensitive to a number of parameters beyond scan rate and 
concentration. For one, the magnitude and number of cathodic features on the return sweep depended on 
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the switching potential. Scanning to potentials positive of ca. 0.12 V reveals a poorly-defined anodic feature 
centered at about 0.28 V with a peak current that is far smaller than that of A (Figure 5.4A). Traversing 
these features leads to a diminishment of feature B along with the growth of a new cathodic feature at -
1.05 V. In addition, both features A and B were sensitive to the properties of the electrode. Collecting 
multiple scans with the same electrode resulted in a decrease in B and a positive potential shift in A (Figure 
5.4B). This behavior is consistent with adsorption of a material that decreases the rate of electron transfer, 
a reactivity which has been postulated for other PtII-diimine complexes.186,189 No concomitant change is 
observed in the features D, E, or F during these multiple cycling experiments, suggesting that the electron 
transfer events at B and A may be more sensitive to this surface modification. The redox chemistry at B 
and C was also highly water sensitive. While the total magnitude of B and C remained constant, the sharp 






Figure 5.4 (A) The magnitude and number of cathodic features on the return sweep depends on the vertex 
potential for cyclic voltammograms recorded in 1 mM (bpy)Pt(CH3)3. For voltammograms collected with a 
vertex potential of 0.05 V (red) a sharp feature B is observed on the return scan. Upon sweeping up 0.6 V 
(blue), additional poorly-defined features can be observed at potentials positive of A. The return sweep no 
longer contains a sharp feature B, but a new feature at -1.05 V can be observed. Voltammograms recorded 
at 0.2 V s-1 in 0.25 M [NBu4][PF6].  varying the vertex potential. (B) Multiple cycling experiments which first 
sweep anodically through feature A show a decrease in the magnitude of feature B along with a positive 
shift in the potential of A, consistent with the deposition of an inhibition material. Cyclic voltammograms 
collected in 1 mM (bpy)Pt(CH3)2 and correspond to scan 1 (red), scan 2 (orange), scan 3 (yellow), scan 4 
(light green), scan 6 (dark green), scan 7 (light blue), scan 9 (blue), and scan 10 (dark blue). 
Voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.2 V s-1. 
5.2.2 One-electron oxidation of (bpy)Pt(CH3)2 induces methyl transfer 
To identify the product(s) of this one-electron oxidation, a collaborator chemically oxidized 
(bpy)Pt(CH3)2 in CH3CN using [Fc][PF6] (E°′([Fc]+/0) = 0 V vs. Fc+/0). Two cationic species were isolated 
from this reaction mixture: [(bpy)PtII(CH3)(CH3CN)]+  and fac-[(bpy)PtIV(CH3)3(CH3CN)]+. 1H NMR analysis 
of the product mixture prior to separation showed that a 50:50 mixture of the cationic products 
[(bpy)Pt(CH3)(CH3CN)]+ and [(bpy)Pt(CH3)3(CH3CN)]+ had been generated (Figure 5.5). Satellites due to 
coupling with 195Pt can be observed for the Pt-Me resonances of both [(bpy)Pt(CH3)(CH3CN)]+ (Pt-Me: δ = 
0.89 ppm, 2JPt-H = 69.6 Hz) and [(bpy)Pt(CH3)3(CH3CN)]+  (Pt-Meeq: δ = 1.18 ppm, 2JPt-H = 68.4 Hz; Pt-Meax: 
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δ = 0.52 ppm, 2JPt-H = 78 Hz). This product mixture is consistent with a bimolecular oxidative 
disproportionation reaction in which a methyl group is transferred between two Pt metal centers (Scheme 
5.2).186  
 
Figure 5.5 1H NMR of the product mixture generated upon the chemical oxidation of (bpy)Pt(CH3)2 with 1 
equivalent [Fc][PF6] in CD3CN. Integrations for the Pt-Me peak of [(bpy)Pt(CH3)(CH3CN)]+ at 0.89 ppm and 
the Pt-Meax feature of [(bpy)Pt(CH3)3(CH3CN)]+ are shown. 
Scheme 5.2 | Bimolecular methyl transfer induced by the one-electron oxidation of (bpy)Pt(CH3)2 
 
 To determine whether the same species products are generated via chemical and electrochemical 
oxidation, I electrochemically characterized the chemically isolated oxidative disproportionation products 
via cyclic voltammetry. The cyclic voltammogram of [(bpy)Pt(CH3)(CH3CN)][BArF4] has two cathodic 
features at -1.64 and -2.24 V which overlap with features D and F in the voltammogram of (bpy)Pt(CH3)2, 
respectively. The cyclic voltammogram of [(bpy)Pt(CH3)3(CH3CN)][PF6] has a sharp cathodic feature at -
1.78 V which overlaps with feature E in the voltammogram of (bpy)Pt(CH3)2 and a slightly distorted feature 
at -2.07 V. This more negative feature overlaps somewhat with the cathodic peak of the (bpy)Pt(CH3)20/– 
redox couple. Importantly, neither species has any additional anodic or cathodic features at more positive 
potentials. These data support the conclusion that features D, E, and F, but not B and C, result from the 




Figure 5.6 Cyclic voltammograms of (bpy)Pt(CH3)2 (grey) and the chemically isolated oxidative 
disproportionation products [(bpy)Pt(CH3)(CH3CN)][PF6] (blue) and [(bpy)Pt(CH3)3(CH3CN)][PF6] (red). 
Voltammograms of (bpy)Pt(CH3)2 and [(bpy)Pt(CH3)(CH3CN)][PF6] recorded at 0.2 V s-1 using a 1 mM 
solution. Voltammogram of [(bpy)Pt(CH3)3(CH3CN)][PF6] recorded at 0.1 V s-1 using a 2.5 mM solution. All 
voltammograms obtained in 0.25 M [NBu4][PF6] acetonitrile and normalized to υ1/2 and concentration. 
 To evaluate whether electrochemical oxidation yielded a similar product mixture, bulk electrolysis 
was performed by holding a glassy carbon plate at 0.1 V until complete consumption of (bpy)Pt(CH3)2 was 
observed. Cyclic voltammograms of the resulting solution contained four major features which matched the 
features observed in the voltammogram of [(bpy)Pt(CH3)(CH3CN)]+ and [(bpy)Pt(CH3)3(CH3CN)]+ (Figure 
5.7). This electrochemical analysis confirms that the same products are generated during chemical and 
electrochemical oxidation, however the intractability of the electrolyte during separation attempts as well as 
the overlap in the peak potentials in the cyclic voltammogram precluded more rigorous analysis of the ratio 





Figure 5.7 Bulk electrolysis effected by holding a glassy carbon working plate at ca. 0.1 V in a solution of 
2.5 mM (bpy)Pt(CH3)2 in 0.25 M [NBu4][PF6] acetonitrile until complete consumption of starting material was 
observed (ca. 2 hours). Cyclic voltammogram of the resulting reaction mixture recorded at 0.2 V s-1 (blue). 
All voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile. 
5.2.3 Possible oxidative disproportionation pathways, evaluating the role of solvent  
The product mixture generated upon the one-electron chemical and electrochemical oxidation of 
(bpy)Pt(CH3)2 is consistent with an oxidatively induced methyl transfer between two platinum centers. This 
bimolecular oxidative disproportionation reactivity is consistent with the known vulnerability of Pt(III)-diimine 
complexes to undergo axially directed nucleophilic attack. In this case, axial attack of the transient 
[(bpy)PtIII(CH3)2]•+ radical cation by another Pt species, either another equivalent of [(bpy)PtIII(CH3)2]•+ (the 
cation/cation pathway, (Scheme 5.3, Pathway 1) or (bpy)Pt(CH3)2 (the cation/neutral pathway, (Scheme 
5.3, Pathway 2), results in methyl transfer.186 In the cation/cation reaction, methyl transfer between two 
Pt(III) radical cations guarantees that the Pt(IV) and Pt(II) species will be formed in a 1:1 ratio. In the 
cation/neutral pathway, transfer of a methyl radical from [(bpy)Pt(CH3)2]•+ to (bpy)Pt(CH3)2 or vice versa will 
generate the Pt(IV) oxidative disproportionation product along with a [(bpy)Pt(CH3)]• radical which is further 
oxidized to the Pt(II) oxidative disproportionation product. Acetonitrile addition to generate 
[(bpy)Pt(CH3)(CH3CN)]• may occur prior to oxidation – in which case its oxidation potential will be identical 
to the reduction potential for [(bpy)Pt(CH3)(CH3CN)]+ – or after the second oxidation generates 
[(bpy)Pt(CH3)]+. For both reaction pathways, it is also possible that the acetonitrile solvent may coordinate 




Scheme 5.3 | (1) Cation/cation and (2) cation/neutral oxidative disproportionation pathways for 
(bpy)Pt(CH3)2 
 
To deconvolute the role of CH3CN in these reaction pathways, cyclic voltammograms were 
collected in the non-coordinating solvent 1,2-difluorobenzene (DFB).190 In DFB, the electrochemistry of 
(bpy)Pt(CH3)2 is largely comparable to that in acetonitrile: a one-electron, reversible redox couple is 
observed at -1.495 vs. Fc*+/0 (all voltammograms in DFB are referenced to the Fc*+/0 couple) along with a 
chemically irreversible oxidative wave that does not regain reversibility upon increasing scan rate (Figure 
5.8). Traversing this oxidative wave also results in the growth of minor new cathodic features at potentials 
near the [(bpy)Pt(CH3)2]0/- couple (ca., -1.15 and -1.25, respectively). However, there are two major 
differences in the cyclic voltammetry in DFB: (1) no anodic features at potentials similar to B and C are 
observed and (2) the charge of this oxidative feature is half that of the reversible redox couple. UV-vis 
spectroelectrochemistry showed formation of new species upon oxidation of (bpy)Pt(CH3)2 which could not 
be attributed to either oxidative disproportionation product (Appendix E.2), however isolation and further 
characterization of the electrogenerated species was precluded by the degradation of the solution on the 




Figure 5.8 Cyclic voltammogram of 2.5 mM (bpy)Pt(CH3)2 in 0.25 M [NBu4][PF6] 1,2-difluorobenzene. If the 
potential is first swept cathodically, shows only a reversible, one-electron wave assigned to the 
[(bpy)Pt(CH3)2]0/- redox couple is observed (grey). Scanning anodically reveals an oxidative feature with 
half the charge of the [(bpy)Pt(CH3)2]0/- redox couple and results in the growth of minor cathodic features 
around -1.1 and -1.25 V (blue).  
One possible explanation for this charge ratio is that a cation/neutral pathway is operative and the 
[(bpy)PtI(CH3)]• intermediate requires coordination of ligand prior to oxidation at this potential. Upon addition 
of sub-stochiometric amounts of acetonitrile (0.2 equivalents), the charge passed during this oxidative wave 
doubles and is now equivalent to the charge passed at the reversible couple (Figure 5.9A). The cathodic 
features at -1.15 and -1.25 V also become more pronounced.  Further addition of acetonitrile (up to 10%) 
has little additional impact on any of the voltammetric features. In contrast to cyclic voltammetry in 
acetonitrile, these new cathodic features less clearly align with redox features of the oxidative 
disproportionation products; the cyclic voltammogram of [(bpy)Pt(CH3)3(CH3CN)]+ contains an irreversible 
cathodic feature (Ep,c = -1.17 V) along with two closely spaced, reversible redox couples (E1/2 = ca. -1.51 
and -1.66 V, respectively) while the voltammogram of [(bpy)Pt(CH3)(CH3CN)]+, which has limited solubility 
in DFB, contains two sharp anodic features (Ep,c = -1.15, -1.75 V) along with a broad shoulder (Ep,c = ca. -
1.33 V) (Figure 5.9B). In particular, no obvious cathodic feature at -1.25 V is observed in the voltammogram 
of either [(bpy)Pt(CH3)3(CH3CN)]+ or [(bpy)Pt(CH3)(CH3CN)]+. Possible reasons for these discrepancies 
remain an active area of interest. Importantly, these trials in DFB elucidate the importance of a coordinating 




Figure 5.9 (A) Cyclic voltammograms of 2.5 mM (bpy)Pt(CH3)2 0.25 M [NBu4][PF6] DFB in the absence of 
acetonitrile (red) and in the presence of 0.5 mM (orange), 1.0 mM (yellow), 2.5 mM (green), and 10% 
acetonitrile. (B) Cyclic voltammograms of the oxidative disproportionation products 
[(bpy)Pt(CH3)3(CH3CN)]+ (red) and [(bpy)Pt(CH3)(CH3CN)]+ (blue) in 0.25 M [NBu4][PF6] DFB without added 
acetonitrile overlaid with the cyclic voltammogram of 2.5 mM (bpy)Pt(CH3)2 in the presence of 10% 
acetonitrile (grey). All voltammograms recorded at 0.1 V s-1. 
5.2.4 Monitoring chemical oxidation via NMR indicates more complex reactivity  
 To more closely monitor the oxidative disproportionation reaction, (bpy)Pt(CH3)2 was oxidized with 
1 equivalent of [Fc][PF6] in CD3CN and the reaction progress was monitored via 1H NMR. A wild degree of 
variability was observed between different experiments (Appendix E.2). In some cases, complete Fc+ 
consumption was readily observed along with the quantitative formation of the two oxidative 
disproportionation products. In other cases, incomplete Fc+ consumption was observed even when working 
with sub-stochiometric Fc+ concentrations. Two other phenomena were connected to the incomplete Fc+ 
consumption: the formation of brown particles and identification of a new Pt-Me feature at 1.48 ppm 
(Appendix E.2). This new feature decreased over the course of ca. 8 hours while the features for the two 
oxidative disproportionation products grow in, indicating that this new species was quantitatively converted 
into the oxidative disproportionation products. The identity of this new species is still under investigation, 
however the relative integration of the resonances in the alkyl and aryl region are 6:8, indicating that this 
species contains two equivalent methyl features for each bipyridine unit. Also under investigation is the 
identity of the brown particulates and how they may be connected to adsorption under electrochemical 
conditions. Moving forward, our goal is to characterize these particles via XPS and compare these results 




Two potential discrepancies in experimental conditions have been identified that may dictate 
whether Fc+ is fully consumed have been identified: concentration of (bpy)Pt(CH3)2 and the presence of 
trace H2O in the deuterated acetonitrile. These brown particles were never observed by our collaborators 
when chemically isolating the two species using a comparable procedure, however they were also working 
under much more dilute conditions. One possibility is that some form of aggregation effect that is 
exacerbated at higher concentrations is resulting in these brown particulates. We have recently uncovered 
that the presence of water both suppresses the formation of these particulates and results in the formation 
of methane, which can be observed via 1H NMR (Appendix E.2). More systematic evaluation of these two 
parameters (i.e., concentration and the presence of water) are necessary to identify their role in dictating 
the reactivity. Once we know how to reproducibly promote this reactivity, we will explore additional methods 
for characterizing the nature of this new species and determine whether this new species is culpable for 
the additional redox features observed during cyclic voltammetry. 
5.3 Conclusion 
 The oxidative electrochemistry of (bpy)Pt(CH3)2 has been explored to evaluate the stability of the 
Pt(III) cation radical. Cyclic voltammograms collected in acetonitrile contain an irreversible PtIII/II anodic 
feature with a potential that is both scan rate and concentration dependent. Scanning through this oxidative 
feature generates a series of cathodic features on the return scan attributed to electroactive species 
generated in a chemical step following oxidation to PtIII. Characterization of the product mixture generated 
upon chemical oxidation and bulk electrolysis showed that oxidation of (bpy)Pt(CH3)2 in acetonitrile induces 
a bimolecular methyl transfer to generate the Pt(II) and Pt(IV) species [(bpy)Pt(CH3)(CH3CN)]+ and 
[(bpy)Pt(CH3)3(CH3CN)]+. However, these products cannot explain all of the new features observed in the 
cyclic voltammogram of (bpy)Pt(CH3)2, indicating that more complex reactivity than oxidative 
disproportionation alone is occurring. Preliminary evidence suggests that this more complex reactivity may 
be the result of aggregation effects or be related to the presence of trace water. Having established the 





5.4.1 General Considerations.  
All chemical syntheses were performed by the Gunnoe Group at the University of Virginia using 
either a nitrogen-filled glovebox or a high-vacuum manifold with standard Schlenk techniques and shipped 
to the University of North Carolina Chapel Hill under nitrogen. Solvents were degassed with argon and dried 
using a solvent system (Pure Process Technology). Water for polishing was obtained from a Milli-Q system. 
Tetrabutylammonium hexafluorophosphate (TCI, > 98%) was recrystallized from hot ethanol, washed with 
cold ethanol, and dried under vacuum for 8 hours at 80⁰C.  
5.4.2 Electrochemical Methods.  
All electrochemical measurements were performed in a nitrogen-filled glovebox using electrode 
leads that were fed through a custom port and connected to a WaveDriver potentiostat (Pine Research 
Instrumentation). Measurements were performed using a standard three-electrode configuration with a 
glassy carbon working electrode (CH Instruments, 3 mm diameter), platinum wire counter electrode, and 
silver wire pseudoreference electrode immersed in glass tubes filled with 0.25 M [NBu4][PF6] acetonitrile 
and isolated from the main cell compartment via a porous Vycor frit. Glassy carbon working electrodes were 
polished using a Milli-Q water slurry of 0.05 µm polishing powder (CH Instruments, no agglomerating 
agents), rinsed and sonicated in Milli-Q water, and rinsed with acetone. Working electrodes were 
electrochemically pretreated with three cyclic scans between 0.7 V to -2.8 V vs Fc+/0 couple (approximately) 
at 0.1 V s-1 in electrolyte solution.  
5.4.3 Spectroelectrochemistry Methods. 
Thin layer UV-vis spectroelectrochemistry obtained in a nitrogen-filled glovebox using an 
OceanOptics DH-mini light source fiber coupled to an OceanOptics Flame spectrometer and a WaveDriver 
potentiostat (Pine Research Instrumentation). Measurements performed in Honeycomb 
Spectroelectrochemical Cell Kit (Pine Research Instrumentation, model: AKSTCKIT3) using a Platinum 




APPENDIX A | SUPPLEMENTAL INFORMATION FOR CHAPTER 2 
Portions of this text adapted with permission from Lee, K. J.; McCarthy, B. D.; Rountree, E. S.; Dempsey, 
J. L. Inorg. Chem. 2017, 56, 4, 1988-1998. Copyright 2017 American Chemical Society. 
 
A.1 Electrochemistry of [NBu4][Co(bdt)2] with Para-Substituted Aniliniums 
Cyclic Voltammograms of [NBu4][Co(bdt)2] with Varying Anilinium Concentrations 
For cyclic voltammograms collected with 2 to 3 equivalents of anilinium (Figure A.1 and Figure A.2), a 
fresh solution of [NBu4][Co(bdt)2] was used for each titration. For cyclic voltammograms collected with 5 to 
40 equivalents anilinium (Figure A.3 and Figure A.4), anilinium was titrated into the same [NBu4][Co(bdt)2] 
solution. A freshly polished electrode was used for each scan.  
 
Figure A.1 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in 0.25 M [NBu4][PF6] acetonitrile at 200 mV 
s-1 with 2 to 3 equivalents anilinium using a 1 mm working electrode.  
 
Figure A.2 Prewave peak current observed for a solution of 0.5 mM [NBu4][Co(bdt)2] plotted versus added 
anilinium concentration using 2 to 3 equivalents anilinium. Data collected using a 1 mm working electrode. 




Figure A.3 Example cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in 0.25 M [NBu4][PF6] acetonitrile 
at 200 mV s-1 with 3 to 10 equivalents anilinium using a 1 mm working electrode. 
 
Figure A.4 Example cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in 0.25 M [NBu4][PF6] acetonitrile 
at 200 mV s-1 with 10 to 40 equivalents anilinium using a 1 mm working electrode. 
 
Scan Rate Dependence of [NBu4][Co(bdt)2] with One Equivalent Anilinium 
Cyclic voltammograms for [NBu4][Co(bdt)2] with 1 equivalent anilinium were collected at 0.025, 0.05, 0.2, 
0.5, 10, 30, and 50 V s-1. The same solution was used for each trial with a freshly polished 3 mm electrode. 
 
Figure A.5 (A) Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in 0.25 M [NBu4][PF6] acetonitrile with 1 
equiv. anilinium at 25, 50, 200, and 500 mV s-1. (B) Plot of difference between the cathodic peak potential 
of wave A [Ep,c(A)] and E1/2([Co(bdt)2]-/2-) versus natural log of scan rate shows that prewave moves to more 




Figure A.6 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in 0.25 M [NBu4][PF6] acetonitrile with 1 
equivalent  anilinium at 10, 30, and 50 V s-1. Peak A overlaps with the [Co(bdt)2]-/2-. 
 
Cyclic Voltammograms of [NBu4][Co(bdt)2]  with Para-substituted Aniliniums 
A freshly polished 3 mm working electrode and new solution was used for each scan to mitigate 
complications due to degradation. All scans were started 60 seconds after acid addition. The amount of 
time that the working electrodes were submerged in solution prior to starting the cyclic voltammogram was 
not controlled for. Voltammograms organized by decreasing acid pKa. Only one cyclic voltammogram was 
obtained for 4-methoxyanilinium and 4-tertbutylanilinium because wave A overlapped with the [Co(bdt)2]-/2- 
couple, precluding accurate determination of the peak potential. Multiple cyclic voltammograms obtained 
for all other acids in to probe inconsistencies in the peak potential of A. 
Notably, there is greater difference in the intensity and shape observed between the multiple scans 
using the two strongest acids (Figure A.14 and Figure A.15) relative to voltammograms collected with 
weaker acids (Figure A.9-Figure A.13). This can most likely be attributed to the more rapid protonation 
and precipitation upon decreasing pKa (Figure 2.3, Figure A.21-Figure A.24). Though all scans were 
started 60 seconds after acid addition, the amount of time that the working electrode was submerged in 
solution was not controlled for and there is likely more discrepancies in the amount of film formed on shorter 
time scales when using stronger acids. This could result in more variance in broadness and intensity 




Figure A.7 Cyclic voltammogram of 0.5 mM [NBu4][Co(bdt)2]  in the presence of 1 equivalent 4-
methoxyanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.8 Cyclic voltammogram of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-tertbutyl-
anilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.9 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent anilinium in 




Figure A.10 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.11 Cyclic voltammograms of [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-bromoanilinium 
in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.12 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2]  in the presence of 1 equivalent 4-





Figure A.13 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
iodoanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.14 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
methylbenzoateanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Figure A.15 Cyclic voltammograms of 0.5 mM [NBu4][Co(bdt)2]  in the presence of 1 equivalent 4-
trifluoromethoxyanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1. 
 
Cyclic Voltammograms of [NBu4][Co(bdt)2] Concentration Dependence Trials 
Cyclic voltammograms collected using 1 equivalent 4-chloroanilinium. A freshly polished 1 mm electrode 
and a new solution was used for each scan to mitigate complications due to degradation. Scans started 60 
seconds after acid addition. Amount of time electrodes were submerged in solution prior to obtaining the 




Figure A.16 Cyclic voltammograms of 1 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile in 200 mV s-1. 
 
Figure A.17 Cyclic voltammograms of 0.75 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile in 200 mV s-1. 
 
Figure A.18 voltammograms of 0.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-chloroanilinium 





Figure A.19 Cyclic voltammograms of 0.25 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-
chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile in 200 mV s-1. 
 
Figure A.20 Cyclic voltammograms of 0.1 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-





A.2 Spectroscopic Monitoring of Precipitation and Visualization of Film in Acidic Solutions 
 
Figure A.21 UV-vis absorbance spectrum of [NBu4][Co(bdt)2] in acetonitrile after the addition of 1 equivalent 
4-chloroanilinium over the course of 90 min. Solutions were not filtered prior to recording spectra.  
 
Figure A.22 Plot of absorbance at 656 nm vs time for Figure A.21. Tracking the UV-vis absorbance of 
[NBu4][Co(bdt)2] under atmospheric conditions after the addition of 4-chloroanilinium shows an initial 
increase in the absorbance at 656 nm from 0 to 4 min followed by a consistent decrease. The solution was 
not filtered to remove black particles in between scans so this initial increase in absorbance is attributed to 




Figure A.23 UV-vis absorbance spectrum of [NBu4][Co(bdt)2] in acetonitrile after the addition of 1 equivalent 
trifluoroacetic acid. After 24 hours, a small decrease in the absorbance of the 656 nm peak, from 0.517 to 
0.508, is be observed. Solutions were not filtered prior to recording spectra.  
 
Figure A.24 UV-vis absorbance spectrum of [NBu4][Co(bdt)2] in acetonitrile 30 minutes after the addition 
of 100 equivalents trifluoroacetic acid. Solution filtered prior to recording spectra. 
 
Figure A.25 Working electrodes soaked in solution of 2.5 mM [NBu4][Co(bdt)2] and 2.5 mM 4-
chloroanilinium in a nitrogen filled glovebox for (left to right) 15 sec, 30 sec, 1 min, 3 min, 10 min, 30 min, 




A.3 Rinse Test Data 
A series of control experiments were conducted to confirm that it was necessary to have both acid and 
[Co(bdt)2]- in the solution that the electrodes were soaked in in order to generate an electroactive, adsorbed 
material. 
Control Experiment After Pretreating in a Solution Containing Only Anilinium 
3 mm working electrode were soaked in a solution of 2.5 mM anilinium for 30 minutes, rinsed with CH3CN, 
and then used to collect a cyclic voltammogram in an electrolyte-only solution (Figure A.26A) or an 
electrolyte solution containing 2.5 mM anilinium (Figure A.26B).  
  
Figure A.26 Cyclic voltammogram of (A) 0.25 M [NBu4][PF6] acetonitrile and (B) 2.5 mM anilinium in 0.25 
M [NBu4][PF6] acetonitrile at 200 mV s-1 using freshly polished electrodes (blue) or electrode pretreated in 
a solution of 2.5 mM anilinium (green).   
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Rinse Test After Pretreating in Solution Containing Only [NBu4][Co(bdt)2] 
3 mm working electrode were soaked in a solution of 2.5 mM [NBu4][Co(bdt)2] for 20 minutes, rinsed with 
CH3CN, and then used to collect a cyclic voltammogram an electrolyte solution containing 2.5 mM 4-
chloroanilinium (Figure A.26B).  
 
Figure A.27 Cyclic voltammogram of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 400 
mV s-1 using electrode pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2]. Background current attributed 
to direct reduction of 4-chloroanilinium at glassy carbon electrode.48  
 
Rinse Test After Pretreating in Solution Containing [NBu4][Co(bdt)2] and 4-chloroanilinium 
 
Figure A.28 Cyclic voltammogram of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 400 
mV s-1 using 3 mm  electrode pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] in the presence of 1 equiv. 







Rinse Tests To Determine Whether Deposition is Unique to 4-chloroanilinium 
A series of control experiments were conducted to determine whether film formation was unique to 4-
chloranilinium. 3 mm working electrode were soaked in a solution of [Co(bdt)2]- with 1 equivalent of either 
(trifluoro)acetic acid (Figure A.29), tosic acid (Figure A.30), (trichloro)acetic acid (Figure A.31), or 4-
bromoanilinium (Figure A.32) for 30 minutes, rinsed with CH3CN, and then used to collect a cyclic 
voltammogram in an electrolyte-only solution containing the same acid that had been used in the rinse test. 
Please note that 2.5 mM acid is used for (trifluoro)acetic acid, toluenesulfonic acid, and (trichloro)acetic 
acid. In contrast, trials with 4-bromoanilinium were conducted with 1 mM acid. 
 
Figure A.29 Cyclic voltammogram of 2.5 mM trifluoroacetic acid in 0.25 M [NBu4][PF6] acetonitrile at 200 
mV s-1 using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] and 1 equivalent 
trifluoroacetic acid for 30 minutes. 
 
Figure A.30 Cyclic voltammogram of 2.5 mM tosic acid in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1 
using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] and 1 equivalent tosic 






Figure A.31 Cyclic voltammogram of 2.5 mM (trichloro)acetic acid in 0.25 M [NBu4][PF6] acetonitrile at 200 
mV s-1 using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] and 1 equivalent 
trichloroacetic acid for 30 minutes. 
 
Figure A.32 Cyclic voltammogram of 1 mM 4-bromoanilinium solution in 0.25 M [NBu4][PF6] acetonitrile at 
200 mV s-1 using 3 mm working electrodes pretreated in a solution of 1 mM [NBu4][Co(bdt)2] in the presence 




Rinse Tests with Scanning Solution of 2.5 mM para-substituted Aniliniums Series 
Rinse tests were used to gain indirect insight into whether the acid used to make the film influences the 
properties of the material. 3 mm working electrode were soaked in a solution of 2.5 mM [Co(bdt)2]- with 1 
equivalent of either 4-chloroanilinium (Figure A.33), (trifluoro)acetic acid (Figure A.34), or HCl (Figure 
A.35) for 30 minutes, rinsed with CH3CN, and then used to collect a cyclic voltammogram in an electrolyte-
only solution containing 2.5 mM of one of five para-substituted anilinium acids: anilinium, 4-chloroanilinium, 
4-bromoanilinium, 4-trifluoromethoxyanilinium,or 4-methylbenzoateanilinium.  
 
Figure A.33 Cyclic voltammogram of 2.5 mM para-substituted anilinium solution in 0.25 M [NBu4][PF6] 
acetonitrile at 200 mV s-1 using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] 
with 1 equivalent 4-chloroanilinium for 30 minutes. Para-substituted aniliniums identities: anilinium (black), 
4-chloroanilinium (blue), 4-bromoanilinium (green), 4-trifluoromethoxyanilinium (red), and 4-
methylbenzoateanilinium (purple). 
 
Figure A.34 Cyclic voltammogram of 2.5 mM para-substituted anilinium solution in 0.25 M [NBu4][PF6] 
acetonitrile at 200 mV s-1 using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] 
in the presence of 1 equivalent trifluoroacetic acid for 30 minutes. Para-substituted aniliniums identities: 




Figure A.35 Cyclic voltammogram of 2.5 mM para-substituted anilinium solution in 0.25 M [NBu4][PF6] 
acetonitrile at 200 mV s-1 using 3 mm working electrodes pretreated in a solution of 2.5 mM [NBu4][Co(bdt)2] 
in the presence of 1 equivalent HCl for 30 minutes. Para-substituted aniliniums identities: anilinium (black), 







A.4 Reactivity with N,N,N-trimethylbenzenaminium tetrafluoroborate ([An-(CH3)3][BF4]) 
Control Experiment After Pretreating in a Solution Containing Only ([An-(CH3)3][BF4]) 
3 mm working electrode pretreated by soaking in a solution of 2.5 mM [An-(CH3)3][BF4] for 30 
minutes prior to rinsing with acetonitrile. Cyclic voltammogram collected in a scanning solution of 0.25 M 
[NBu4][PF6] acetonitrile or 2.5 mM anilinium in 0.25 M [NBu4][PF6] acetonitrile. After the first voltammogram 
in the 2.5 mM anilnium, solution was stirred and second voltammogram was taken of the scanning solution 
using the same working electrode. 
  
Figure A.36 Cyclic voltammogram of (A) 0.25 M [NBu4][PF6] acetonitrile and (B) 2.5 mM anilinium in 0.25 
M [NBu4][PF6] acetonitrile at 200 mV s-1 using fresh electrodes (green) and electrodes pretreated in 2.5 mM 
[An-(CH3)3][BF4] (black). For anilinium solution, solution was stirred and a second voltammogram was 
collected (green).  
 
Rinse Test After Pretreating in Solution Containing [NBu4][Co(bdt)2] and ([(An-CH3)3][BF4]) 
3 mm working electrode pretreated by soaking in a solution of 2.5 mM [NBu4][Co(bdt)2] with 1 
equivalent [An-(CH3)3][BF4] for 30 minutes prior to rinsing with acetonitrile. Cyclic voltammogram obtained 
in 0.25 M [NBu4][PF6] acetonitrile or 2.5 mM anilinium in 0.25 M [NBu4][PF6] acetonitrile. After the first 






Figure A.37 Cyclic voltammogram of (A) 0.25 M [NBu4][PF6] acetonitrile and (B) 2.5 mM anilinium in 0.25 
M [NBu4][PF6] acetonitrile at 200 mV s-1 using fresh electrodes (green), electrodes pretreated in 2.5 mM 
[An-(CH3)3][BF4] (black), and electrodes pretreated in 2.5 mM [NBu4][Co(bdt)2] with 1 equivalent [An-
(CH3)3][BF4] (blue trace). For anilinium scanning solution, solution was then stirred and a second 
voltammogram was collected (red).  
 
Cyclic Voltammogram of [NBu4][Co(bdt)2] with ([An-(CH3)3][BF4]) 
 
Figure A.38 Cyclic voltammograms of 2.5 mM [NBu4][Co(bdt)2] with 1 equivalent [An-(CH3)3][BF4]  in 0.25 




Optically Monitoring Degradation with [An-(CH3)3][BF4] 
 
Figure A.39 UV-vis absorbance spectrum of 0.25 mM [NBu4][Co(bdt)2] in acetonitrile after the addition of 1 
equivalent [An-(CH3)3][BF4] over the course of 24 hours. Solutions were not filtered prior to recording 
spectra.  
 
Figure A.40 UV-vis absorbance spectrum of 0.25 mM [NBu4][Co(bdt)2] in acetonitrile after the addition of 





A.5 X-Ray Photoelectron Spectroscopy Data 
Bare Glassy Carbon Plate 
 
Figure A.41 Full spectrum of a polished glassy carbon plate subject to no additional treatment. 
 
[NBu4][Co(bdt)2] Dropcast on Gold-Plated Silicon Wafer 
To prepare plates, [NBu4][Co(bdt)2] was dissolved in acetonitrile and dropcast on a gold-plated silicon wafer.  
 




Figure A.43 High resolution XPS spectrum of the Co 2p region for dropcast [Co(bdt)2]-. 
 
Figure A.44 High resolution XPS spectrum of the S 2p region for dropcast [Co(bdt)2]-. 
 




Analysis of Film Formed with [NBu4][Co(bdt)2] and p-cyanoanilinium 
Polished glassy carbon plates were submerged in a solution of 5 mM [NBu4][Co(bdt)2] containing either 1 
or 2 equivalents p-cyanoanilinium for 1 week. Plates were rinsed with acetonitrile and dried.   
 
Figure A.46 Full spectrum of plate prepared with 1 equivalent p-cyanoanilinium. 
 
Figure A.47 High resolution XPS spectrum of the Co 2p region for plate prepared with 1 equivalent p-
cyanoanilinium. 
 





Figure A.49 High resolution XPS spectrum of the N 1s region for plate prepared with 1 equivalent p-
cyanoanilinium. 
 
Figure A.50 Full spectrum of plate prepared with 2 equivalent p-cyanoanilinium. 
 





Figure A.52 High resolution XPS spectrum of the S 2p region for plate prepared with 2 equivalent p-
cyanoanilinium. 
 





XPS Analysis of Black Particles 
Black particles were formed by mixing 5 mM [NBu4][Co(bdt)2] with 2 equivalents p-cyanoanilinium. Particles 
were isolated via vacuum filtration and washed with excess acetonitrile. Particles were resuspended in 
acetonitrile and dropcast onto a polished glassy carbon plate.   
 
Figure A.54 Full spectrum of dropcast black particles. 
 




Figure A.56 High resolution XPS spectrum of the S 2p region for dropcast particulates. 
 




Table A.1 XPS elemental analysis summary of atomic ratio percentages 
 C 1s O 1s N 1s S 2p Co 2p Co 2p:S 2p 
Glassy Carbon Plate 87.97 11.37 0.43 0.23 0.00 - 
Dropcast [Co(bdt)2]- 69.17 21.94 0.00 6.86 2.02 1:3.4 
1 Equivalent Acid Film 84.46 4.09 1.29 6.92 3.24 1:2.1 
2 Equivalent Acid Film 77.62 3.63 0.83 13.68 4.24 1:3.2 
Dropcast Particulates 87.97 5.47 1.84 3.67 1.04 1:3.5 
 
A ratio of Co 2p to S 2p (Co 2p:S 2p) of 1:4 was anticipated for all experimental samples (except for the 
bare glassy carbon plate) based on the stoichiometry of the molecular cobalt dithiolate complex. The 
dropcast [Co(bdt)2]-, film formed with 2 equivalent acid, and the dropcast particulates have similar ratios, 
though the ratio of cobalt is still larger than the theoretical value for these samples. The ratio for the film 
formed with 1 equivalent acid is notably different than the other samples and has nearly double the amount 
of cobalt than the theoretical value. This could indicate the loss of a dithiolate ligand or be caused by 
integration issues due to noise in the spectra. However, the similar peaks positions for the Co 2p and S 2p 
regions of all film and particle samples indicate that the same species are being formed and the ability to 
regenerate [Co(bdt)2]- upon reduction of the film makes it unlikely that a bisdithiolate ligand is quantitatively 
lost during film formation. More likely, the increased cobalt integration is caused by the formation of some 
cobalt nanoparticles with peaks at the same position, which has been shown to occur with other cobalt-




A.6 Rinse Tests to Probe Film Stability  
Determining Film Stability Under Acidic Conditions 
To determine the stability of the film under acidic conditions, 3 mm working electrodes pretreated by soaking 
in a solution of 2.5 mM [NBu4][Co(bdt)2] and 2.5 mM 4-chloroanilinium for 30 minutes and rinsed with 
acetonitrile. The working electrode was then soaked in a 4-chloroanilinium solution for 30 minutes, rinsed, 
and used to collected a voltammogram in a fresh solution of 2.5 mM 4-chloronanilinium. 
  
Figure A.57 Cyclic voltammogram of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 
mV s-1. Voltammetric responses were recorded using treated electrode (described above) without acid soak 
(black) and after soaking the pretreated electrode for 15 minutes in 2.5 mM 4-chloroanilinium (blue), 25 mM 
4-chloroloroanilinium (green), or 100 mM 4-chloroanilinium (red). In each case, the cyclic voltammogram of 
the 4-chloroanilinium solution showed a voltammetric response with the peak potential and current of the 
major redox feature E similar to that seen in the original rinse test. 
 
Determining Film Stability Under Basic Conditions 
To determine the stability of the film under basic conditions, 3 mm working electrodes pretreated by soaking 
in a solution of 2.5 mM [NBu4][Co(bdt)2] and 2.5 mM 4-chloroanilinium for 30 minutes and rinsed with 
acetonitrile. The working electrode was then soaked in a 4-chloroaniline (Figure A.58) or triethylamine 
(Figure A.59) solution for 30 minutes, rinsed, and used to collected a voltammogram in a fresh solution of 





Figure A.58 Cyclic voltammogram of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 
mV s-1. Voltammetric response was recorded using 3 mm pretreated electrode (described above) without 
base soak (black) and after soaking electrode for 15 minutes in 2.5 mM 4-chloroaniline (blue) or 20 mM 4-
chloroaniline (green). In each case, the cyclic voltammogram of the 4-chloroanilinium solution showed a 
voltammetric response with the peak potential and current of the major redox feature E similar to that seen 
in the original rinse test. 
 
Figure A.59 Cyclic voltammogram of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] acetonitrile at 200 
mV s-1. Voltammetric response was recorded using 3 mm pretreated electrode (described above) without 
base soak (black) and after soaking electrode for 15 minutes in 2.5 mM triethylamine (blue) or 25 mM 
triethylamine (green). 
Determining Film Stability Under Reducing Conditions 
To determine if the film was unstable under reducing conditions, 3 mm working electrodes were 
soaked in a solution of 2.5 mM [NBu4][Co(bdt)2] in the presence of 1 equivalent 4-chloroanilinium for 30 
minutes and rinsed with acetonitrile. Electrodes were then used to collect cyclic voltammogram 1 in 0.25 M 
[NBu4][PF6] using one of three potential ranges: (1) cyclic voltammogram from  -0.3 V to -1.15 V back to -
0.3 V, (2) a linear voltammogram from -0.67 V to -1.68 V, or (3) acyclic voltammogram from -0.3 V to -1.68 
V to -0.3 V (scans in Figure A.60). Electrodes then rinsed and used to collect cyclic voltammogram 2 in a 
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solution of 2.5 mM 4-chloroanilinium solution (Scan in Error! Reference source not found.). No v
oltammetric response was observed in acid only solution if the potential is swept past -1.15 V.  
  
Figure A.60 (Left) Cyclic voltammograms of electrodes after soaking in a solution of 2.5 mM [Co(bdt)2]- 
with 1 equivalent 4-chloroanilinium for 30 minutes and rinsing with acetonitrile. Cyclic voltammograms 
recorded in 0.25 M [NBu4][PF6] acetonitrile at 200 mV s-1 varying the potential range the electrode was 
swept: -0.3 V to -1.15 back to -0.3 V (blue), -0.67 V to -1.68 V (red), or -0.3 V and -1.15 V back to -0.3 V 
(black). (Right) After cyclic voltammogram 1, electrodes were rinsed with acetonitrile and used to collect 
cyclic voltammogram 2 in a solution of 2.5 mM 4-chloroanilinium. Traces are color-coded to correspond to 
the parameters used in cyclic voltammogram 1. Voltammogram of 2.5 mM 4-chloroanilinium with an 
electrode that had been soaked and rinse, but not previously subjected to reducing conditions, show in 
grey. Voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.2 V s-1. 
 
Large Scale Rinse Tests using Glassy Carbon Plates for UV-vis Analysis 
A 10x20x2 glassy carbon plate was soaked in a solution of 5 mM [NBu4][Co(bdt)2] with 2 equivalents p-
cyanoanilinium for one week and rinsed with acetonitrile. Plate was then used to collect 10 linear sweep 
voltammograms in the same solution of solution of 0.25 M [NBu4][PF6] acetonitrile at 0.2 V s-1 without 
refreshing the diffusion layer or rinsing the electrodes between scans. Decrease in current over time 
attributed to the diffusion of [Co(bdt)2]- away from the solution. Linear sweep voltammogram 1 and 2 is 




Figure A.61 Sequential linear sweep voltammograms (LSV) of 0.25 M [NBu4][PF6] CH3CN at 200 mV s-1 
taken with 20x10x2 mm glassy carbon plate pretreated in 5 mM [NBu4][Co(bdt)2] with 2 equivalents p-
cyanoanilinium for one week: scan 2 (red), scan 3 (orange), scan 4 (yellow), scan 5 (light green), scan 6 
(green), scan 7 (light blue), scan 8 (dark blue), scan 9 (grey), scan 10 (black).  
 
Binding of Isolated Black Particulates to Glassy Carbon Working Electrodes 
Particles formed by reacting 30 equivalents of p-cyanoanilinium with 2.5 mM [NBu4][Co(bdt)2] for 
one week in a N2 filled glovebox. Reaction did not go to completion, as indicated by the light blue solution. 
Particles were filtered, rinsed with acetonitrile, and resuspended in acetonitrile. Freshly polished 3 mm 
electrodes were submerged in the solution for 30 minutes and 60 minutes, rinsed, and used to scan a 
solution of 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] (Figure A.62). Particles were then added to 
either a solution of 2.5 mM 4-chloroanilinium (Figure A.63) or 2.5 mM [NBu4][Co(bdt)2] (Figure A.64) and 
the procedure was repeated to determine if acid or [NBu4][Co(bdt)2] enhanced the rate of adsorption.  
 
Figure A.62 Cyclic voltammogram of glassy carbon electrode treated in a solution of black particles 
resuspended in acetonitrile for 30 mins (blue) and 60 min (green). Cyclic voltammogram recorded in 2.5 




Figure A.63 Cyclic voltammogram of glassy carbon electrode treated in a solution of black particles 
resuspended in acetonitrile in the presence of 2.5 mM 4-chloroanilinium for 30 mins (blue) and 60 min 
(green). Cyclic voltammogram recorded in 2.5 mM 4-chloroanilinium in 0.25 M [NBu4][PF6] at 200 mV s-1. 
 
Figure A.64 Cyclic voltammogram of glassy carbon electrode treated in a solution of black particles 
resuspended in acetonitrile in the presence of 2.5 mM [NBu4][Co(bdt)2] for 30 mins (black) and 60 min 






APPENDIX B | SUPPLEMENTAL INFORMATION FOR CHAPTER 3 
B.1 Cyclic voltammetry of [Ni(PPh2NPh2)2]2+  
Variable scan rate cyclic voltammograms 
 
Figure B.1 Cyclic voltammograms of 0.5 mM [Ni(PPh2NPh2)2]2+ recorded at 0.025 (red), 0.05 (orange), 0.1 
(yellow), 0.5 (green), 1 (light blue), 5 (blue), and 10 (grey) V s-1. Voltammograms obtained in 0.25 M 
[NBu4][PF6] acetonitrile and normalized by 𝜐1 2⁄ . 
 
Figure B.2 Cyclic voltammograms of 1 mM [Ni(PPh2NPh2)2]2+ recorded at 0.025 (red), 0.05 (orange), 0.1 
(yellow), 0.5 (green), 1 (light blue), 5 (blue), and 10 (grey) V s-1. Voltammograms obtained in 0.25 M 





Figure B.3 Cyclic voltammograms of 4 mM [Ni(PPh2NPh2)2]2+ recorded at 0.025 (red), 0.05 (orange), 0.1 
(yellow), 0.2 (green), 0.5 (light blue), 1 (dark blue), 5 (purple), and 10 (grey) V s-1. Voltammograms obtained 
in 0.25 M [NBu4][PF6] acetonitrile and normalized by 𝜐1 2⁄ .  
 
Cathodic peak currents as a function of scan rate  
 
Figure B.4 Cathodic peak current as a function of 𝜐1 2⁄  for voltammograms collected in 0.5 mM 
[Ni(PPh2NPh2)2]2+ for the NiII/I (red) and NiI/0 (blue) redox couple. Dots represent experimental data points and 
dashed lines represent linear fits. Linear fit for NiII/I redox couple: slope = -2.38e-5 A (V s-1)-1/2, R2 = 0.99. 




Figure B.5 Cathodic peak current as a function of 𝜐1 2⁄  for voltammograms collected in 1 mM 
[Ni(PPh2NPh2)2]2+ for the NiII/I (red) and NiI/0 (blue) redox couple. Dots represent experimental data points and 
dashed lines represent linear fits. Linear fit for NiII/I redox couple: slope = -4.40e-5 A (V s-1)-1/2, R2 = 0.98. 
Linear fit for the NiI/0 redox couple: slope = -7.06e-5 A (V s-1)-1/2, R2 = 0.99. 
 
Figure B.6 Cathodic peak current as a function of 𝜐1 2⁄  for voltammograms collected in 3 mM 
[Ni(PPh2NPh2)2]2+ for the NiII/I (red) and NiI/0 (blue) redox couple. Dots represent experimental data points and 
dashed lines represent linear fits. Linear fit for NiII/I redox couple: slope = -1.40e-4 A (V s-1)-1/2, R2 = 0.97. 





Figure B.7 Cathodic peak current as a function of 𝜐1 2⁄  for voltammograms collected in 4 mM 
[Ni(PPh2NPh2)2]2+ for the NiII/I (red) and NiI/0 (blue) redox couple. Dots represent experimental data points and 
dashed lines represent linear fits. Linear fit for NiII/I redox couple: slope = -1.82e-4 A (V s-1)-1/2, R2 = 0.99. 
Linear fit for the NiI/0 redox couple: slope = -2.80e-4 A (V s-1)-1/2, R2 = 0.99. 
 
Diffusion coefficient of [Ni(PPh2NPh2)2]2+ 
The peak current for a reversible, diffusion controlled redox process will vary linearly with υ1/2. This 








where ip is the peak current (A), n is the number of electrons transferred in the redox event, F is the Faraday 
constant, A is the electrode surface area (cm2), C* is the bulk concentration of the analyte (mol cm-3), υ is 
scan rate (V s-1), D is the diffusion coefficient (cm2 s-1), R is the universal gas constant, and T is temperature. 
This relationship allows the diffusion coefficient of a homogeneous species to be determined by plotting the 
baseline-corrected peak current as a function of υ1/2. The linear fit of this data will yield a slope which 






Using these equations, a diffusion coefficient for [Ni(PPh2NPh2)2]2+ was calculated from plots of the 
cathodic peak current of the NiII/I redox couple and υ1/2 (Table B.1)  This analysis was performed using 
variable scan rate cyclic voltammograms collected at 0.5 (Figure B.4), 1 (Figure B.5), 3 (Figure B.6), and 





Table B.1 Linear fits for ip,c[NiII/I] vs. υ1/2 and calculated diffusion coefficients 
concentration (mM) Slope (A [V s-1]1/2) R2 D (cm2 s-1) 
0.5 -2.38e-05 0.99 6.29e-06 
1 -4.42e-05 0.98 5.41e-06 
3 -1.40e-04 0.97 6.02e-06 
4 -1.84e-04 0.99 5.74e-06 
 
The anticipated linear relationship between these slopes and the concentration of [Ni(PPh2NPh2)]2+ with a 





 – was 
used to extract an average diffusion coefficient from all data sets of 5.90e-06 cm2s-1. 
 
Figure B.8 A diffusion coefficient for [Ni(PPh2NPh2)2]2+ was derived based on the scan rate dependence trials 
by plotting the slope derived from the linear fit of the cathodic peak current for the NiII/I as a function of 
concentration. These slopes linearly depended on concentration and the slope of this line was used to 
extract an average diffusion coefficient of 5.90e-06 cm2 s-1.  
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Concentration dependence voltammetry 
 
Figure B.9 Concentration dependence studies for [Ni(PPh2NPh2)2]2+. Cyclic voltammograms recorded in a 
solutions of 5 (blue), 5.7 (light blue), 6.7 (grey), 8 (light red), and 8.9 (red) mM [Ni(PPh2NPh2)2]2+. 
Voltammograms obtained in 0.25 M [NBu4][PF6]  acetonitrile at 0.1 V s-1 and normalized to concentration of 
[Ni(PPh2NPh2)2]2+. 
 
Figure B.10 Cathodic peak current for the NiII/I (red) and NiI/0 (blue) features as a function of [Ni(PPh2NPh2)2]2+ 
concentration (0.25 mM – 10 mM). Dots represent experimental data and dashed lines are linear fits. Linear 
fit for the NiII/I couple (slope = -0.015306 A M-1, R2 = 0.98) includes experimental data points for all 
concentrations. Linear fit for the NiI/0 couple (slope = -0.0229 A M-1, R2 = 0.95) only includes experimental 




B.2 Establishing the mechanism of deposition 
Additional evidence for EEC reactivity 
Potential-step experiments 
Chronoamperometry experiments in a solution of 10 mM [Ni(PPh2NPh2)2]2+ provided further evidence 
for an EEC reaction pathway in which the formation of the doubly-reduced [Ni(PPh2NPh2)] is necessary to 
initiate the follow-up chemical reaction. To deconvolute the role of each redox state, the electrode was 
stepped to potentials (1) positive of the two redox couples (-0.6 V) where [Ni(PPh2NPh2)2]2+ will be the 
dominant species in solution (Figure B.11, red dashed line), (2) at the cathodic peak potential for the 
NiII/I couple (-0.86 V) where [Ni(PPh2NPh2)2]+ is expected to be the dominant species in solution (Figure B.11, 
black dashed line), and (3) at potentials negative of the NiI/0 reduction potential (-1.35 V) where 
[Ni(PPh2NPh2)2] will be the dominant redox state (Figure B.11, blue dashed line). Chronoamperograms 
(Figure B.12A) were then converted to the corresponding Cottrell plot (Figure B.12B) by plotting current 
as a function of t-1/2. For electrolysis of a homogeneous species under diffusion control, the current will have 
an inverse t1/2 dependence leading to a linear Cottrell plot described by the Cottrell equation (Eq. B.2)  
𝑖(𝑡) =
𝑛𝐹𝐴𝐷1/2𝐶∗
𝜋1 2⁄ 𝑡1 2⁄
   (B.2) 
where F is the Faraday constant, D is the diffusion coefficient (cm2 s-1), C* is the concentration of analyte, 
and A is the electrode surface area (cm2). 
While the anticipated i-t1/2 relationship is observed when the electrode is stepped to potentials 
where [Ni(PPh2NPh2)2]2+ and [Ni(PPh2NPh2)]+ are dominant, a sharp decrease in the Cottrell plot is observed 
when the electrode is stepped to potentials negative of the NiI/0 couple. This negative deviation from linearity 
is consistent with deposition of an inhibiting material that effectively decreases the electroactive surface 




Figure B.11 Cyclic voltammogram of 10 mM [Ni(PPh2NPh2)2]2+ showing the three step potentials used during 
chronoamperometry experiments: -0.6 V (red), -0.86 V (black), and -1.35 V (blue). Cyclic voltammogram 
was recorded at 0.1 V s-1 in a solution of 0.25 M [NBu4][PF6] acetonitrile.  
  
Figure B.12 (A) Chronoamperograms collected in a solution of 10 mM [Ni(PPh2NPh2)2]2+ using step potentials 
of -0.6 V (red), -0.86 V (black), and -1.35 V (blue). (B) Corresponding Cottrell plots generated upon 
converting the x-axis to t-1/2 (traces color-coded to match their corresponding chronoamperograms). 
Experimental data shown as solid lines and dashed lines represent the response predicted by the Cottrell 
equation for electrolysis of a diffusion-controlled species. 
 
Induction Period Experiments 
 Further support for an EEC reaction mechanism came from induction period experiments which 
exploited the ferrocene-catalyzed stripping wave as a means of monitoring film formation. In these 
experiments, the electrode was held at a resting potential and then scanned from this resting potential 
through the Fc+/0 redox couple. The length of this induction period was held constant and the potential was 
varied. No anodic current enhancement at the Fc+/0 redox couple was observed for resting potential values 
where [Ni(PPh2NPh2)2]2+ or [Ni(PPh2NPh2)2]+ are the dominant species in solution. Anodic current enhancement 
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is observed upon reaching potentials where [Ni(PPh2NPh2)2] is dominant, consistent with the proposed EEC 
reaction mechanism. 
 
Figure B.13 Cyclic voltammograms of 4.9 mM [Ni(PPh2NPh2)2]2+ with 0.1 mM ferrocene after 20 second 
induction periods at -0.48 V (black), -0.83 V (grey), -0.93 V (red), -1.03 V (green), and -1.48 V (blue). 
Voltammograms obtained at 0.1 V s-1 in 0.25 M [NBu4][PF6]. 
 
Additional evidence of film formation 
   
Figure B.14 Picture of glassy carbon working electrode before (left) and after (right) chronoamperometry 
in 3 mM [Ni(PPh2NPh2)2]2+. Visible electrode fouling can be observed in the form of an orange film after 
electrochemical trials. During chronoamperometry experiments, the working electrode was held at -1.45 V 
for 10 min, rinsed with a minimal amount of acetonitrile, and dried under N2. Picture of post-
chronoamperometry working electrode is taken in the N2-filled glovebox in which the electrochemical trials 




Figure B.15 Repetitive cycling experiments confirm that the electrode properties can be modified over the 
course of a single electrochemical measurement. Electrodes were polished and pretreat at the start of each 
data set and all subsequent voltammograms were collected using the same electrode without polishing 
between scans. The solution was stirred between scans to refresh the diffusion layer. (A) Rapid changes 
can be observed in each subsequent voltammograms collected at 10 mM [Ni(PPh2NPh2)2]2+: scan 1 (grey), 
2 (dark blue), 3 (light blue), 4 (green), 5 (yellow), 6 (orange), and 7 (red). (B) At lower concentrations (1.75 
mM [Ni(PPh2NPh2)2]2+), variability across voltammograms is more subtle and requires a larger number of 
scans to become observable: scan 1 (grey), 5 (dark blue), 10 (light blue), 15 (green), 20 (yellow), 25 
(orange), and 30 (red). All voltammograms recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.1 V s-1.  
 
Figure B.16 Additional repetitive cycling experiments highlighting irreproducibility between experiments. 
Electrodes were polished and pretreated at the start of each data set and all subsequent voltammograms 
were collected using the same electrode without polishing between scans. The solution was stirred between 
scans to refresh the diffusion layer. Rapid changes can be observed in each subsequent voltammograms 
collected at 10 mM [Ni(PPh2NPh2)2]2+: scan 1 (grey), 2 (dark blue), 3 (light blue), 4 (green), 5 (yellow), 6 




B.3 Evidence for metastability of the deposited material 
Deposited material is weakly-adsorbed 
The ferrocene-catalyzed stripping reactivity was used to evaluate the stability of the deposited 
[Ni(PPh2NPh2)2].  In these experiments, the electrode-adsorbed [Ni(PPh2NPh2)2] was formed in 10 mM 
[Ni(PPh2NPh2)2]2+ solution by collecting linear sweep voltammograms through the NiII/I and NiI/0 redox couple 
until complete current inhibition was observed, ensuring that a similar amount of charge was passed in 
each case in order to minimize differences between the amount and properties of the deposited material 
(Figure B.17). These electrodes were then used to collect a voltammogram in a ferrocene-electrolyte 
solution after either being rinsed with solvent, left to equilibrate in the ferrocene-electrolyte solution for 30 
seconds, or dried in N2 (Figure B.18). The electrodes that had been rinsed or left to equilibrate in solution 
consistently showed less current enhancement at the Fc+/0 redox couple (ip,a[Fc+/0]) relative to electrodes 
that had been left to dry in N2. This data indicates that electrode-adsorbed [Ni(PPh2NPh2)2] is metastable and 
will desorb or re-dissolve upon rinsing or when no longer maintained under specific conditions. As such, 
the process of rinsing or equilibration will corrode the surface deposits which, in turn, decreases the catalytic 
response observed in the ferrocene-only scan. 
 
Figure B.17 Example of how the deposited material was formed. Linear sweep voltammogram collected in 
10 mM [Ni(PPh2NPh2)2]2+ which swept from -0.5 V to -1.4 V, ensuring that the electrode was completely 





Figure B.18 Cyclic voltammogram of 2 mM ferrocene collected with a freshly polished electrode (black) or 
an electrode that had been fully passivated in a solution of [Ni(PPh2NPh2)2]2+ and then rinsed with acetonitrile 
(grey), left to equilibrate in the Fc-electrolyte solution for 30 seconds (red), or dried under N2 (blue). 
Electrodes were passivated by collecting a linear sweep voltammogram in a 10 mM solution of 
[Ni(PPh2NPh2)2]2+. Voltammograms recorded at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile. 
 
Partial oxidation decreases film stability 
The “dry test” procedure described above – wherein the modified electrode is left to dry in N2 before 
collecting a voltammogram in a Fc-electrolyte solution – was used to evaluate how partially oxidizing the 
material through direct electron transfer between the electrode and heterogeneous [Ni(PPh2NPh2)2] 
influences film stability. Electrodes were modified by sweeping through the NiII/I and NiI/0 couple until 
complete passivation was achieved at which point either the scan was ended (Figure B.19A, blue asterisk) 
or the scan direction was reversed and the potential was swept to values before (Figure B.19A, red 
asterisk) or after (Figure B.19A, grey asterisk) the broad current enhancement. Comparing subsequent 
scans in the Fc-only solution showed that partial oxidation of heterogeneous [Ni(PPh2NPh2)2] decreases the 





Figure B.19  Dry tests probing impact of traversing the broad current enhancement on the stability of the 
deposited material. (A) Working electrodes were modified by collecting either a linear sweep voltammogram 
(one segment, potential swept from -0.5 to -1.35 V, blue trace), a cyclic voltammogram with a final potential 
before the broad current enhancement (two segments, potential swept from -0.5 to -1.35 V and -1.35 V to 
-0.85 V, red trace), or a cyclic voltammogram with a final potential after the broad current enhancement 
(two segments, potential swept between -0.5 V to -1.35 V, grey trace). (B) Working electrodes were dried 
under N2 and used to collect cyclic voltammograms in a solution of 1 mM ferrocene. Cyclic voltammogram 
obtained with a freshly polished working electrode shown in black and traces collected with modified 
electrodes are color-coded to correspond to the voltammograms in panel A. All voltammograms collected 






B.4 Additional information for induction period studies 
Determining whether complete passivation is observed during induction periods 
For the induction period studies described in 3.3.2, the length of induction period was used as a 
handle to control the amount of material deposited prior to the voltammogram. As the induction period 
controls the amount of time available for film formation, increasing its length will increase Γ𝐴
0 unless the 
electrode is passivated during this time. If the electrode is passivated during the induction period, no 
additional [Ni(PPh2NPh2)2] can be generated and Γ𝐴
0 will reach a maximum value.140 Two criteria was used to 
determine whether the electrode was full passivated during the induction period. The first was simply 
visually inspecting the voltammogram collected after the induction period. These voltammograms started 
at -1.5 V and the potential was then swept through the Fc+/0 couple. If the electrode is completely passivated 
during the induction period, then the current at the start of the scan will be zero until reaching ca. -0.8 V, at 
which point direct oxidation of the deposited material would lead to desorption of the material, akin to the 
behavior observed for the fully passivated electrodes in regime 3 (Figure 3.2). 
As the current cannot be measured during an induction period, separate chronoamperometry 
experiments were also used to evaluate whether complete inhibition could be accomplished during this 
induction period. Chronoamperometry is a constant potential method in which the electrode is stepped to a 
potential – akin to the hold time used during the induction period experiments – and the current is recorded 
as a function of time. Induction period experiments presented in the main text used [Ni(PPh2NPh2)2]2+ 
concentrations of 3 mM (Figure 3.8) or 5 mM (Figure 3.9 and Figure 3.10) and used hold times of either 
1-20 seconds or 5-10 seconds, respectively. To probe whether inhibition can occur during this timeframe, 
chronoamperometry experiments were conducted in solution of 3 and 5 mM [Ni(PPh2NPh2)2]2+ where the 
working electrode was stepped to -1.35 V and held at this potential for 20 seconds. Converting these 
chronoamperograms to their corresponding Cottrell plot (Figure B.20) and comparing these plots to the 
diffusion-controlled current predicted by the Cottrell equation (equation 1.1.5) shows that complete 




Figure B.20 Cottrell plots for chronoamperometry experiments conducted in (A) 3 mM and (B) 5 mM 
[Ni(PPh2NPh2)2]2+ to evaluate whether electrode passivation occurs within 20 seconds. Experimental data 
shown in blue and the diffusion-controlled current predicted by the Cottrell equation shown in grey. 
Chronoamperograms recorded in 0.25 M [NBu4][PF6] acetonitrile.  
 
Monitoring the loss of the ferrocene cathodic peak during ferrocene titrations 
The magnitude of the return feature for a catalyst redox couple is expected to decrease as the 
degree of substrate consumption decreases. This can be achieved by decreasing the concentration of 
catalyst (in this case ferrocene) while keeping the amount of adsorbed substrate (in this case adsorbed 
[Ni(PPh2NPh2)2]) constant. To quantify this for the ferrocene titrations shown in Figure 3.9A, the ratio of the 
experimentally observed cathodic current for the Fc+/0 redox couple 𝑖𝑝,𝑐(𝐹𝑐
+/0)  to the theoretical value of 
the Fc+/0 redox couple predicted by the Randles-Sevcik equation 𝑖𝑝,𝑐
𝑜 (𝐹𝑐+/0) was monitored as a function 
of ferrocene concentration. At the lowest ferrocene concentration employed (0.1 mM), 𝑖𝑝,𝑐(𝐹𝑐
+/0)  was far 
smaller than 𝑖𝑝,𝑐
𝑜 (𝐹𝑐+/0) and the ratio of the experimental to theoretical peak current 
( 𝑖𝑝,𝑐(𝐹𝑐
+/0) 𝑖𝑝,𝑐
𝑜 (𝐹𝑐+/0)⁄ ) increased as a function of ferrocene concentration, from 0.08 at 0.1 mM to 0.36 at 





Figure B.21 The ratio of the experimental to theoretical cathodic peak current for the Fc+/0  redox couple 
( 𝑖𝑝,𝑐(𝐹𝑐
+/0) 𝑖𝑝,𝑐
𝑜 (𝐹𝑐+/0)⁄ ) increased as a function of ferrocene concentration during induction period studies 
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C.1 Modeling an ECEC′ Mechanism at the RDE: The Hale and Nernst Diffusion Layer Approach 
For an ECEC′ process at the RDE that does not assume pseudo-first order reactivity with respect 
to substrate, we will need to solve, simultaneously, a system of six convective-diffusion equations with 
added kinetic terms. Analytical solutions to such systems do not exist; hence, numerical methods must be 
used to obtain approximate solutions. However, it should be noted that attempts to solve similar equations 
for the EC′ and ECE mechanisms at steady state (setting the time derivatives to zero), using homotopic 
perturbation methods have been recently described.104 
Two strategies were employed to simplify and solve these nonlinear reaction-convection-diffusion 
equations: the Hale approach and the Nernst Diffusion Layer approach. The following discussion will first 
describe the relevant reaction-convection-diffusion equations that must be solved and then provide the 
derivations for both the Hale and Nernst Diffusion Layer approaches. 
Convection-diffusion equations for an ECEC′ mechanism 
A general ECEC′ mechanism at the RDE is given by the following set of chemical equations: 
P + e- ⇄ Q 𝐸𝑃/𝑄
0  
Q + A → Q′ k1 
Q′ + e- ⇄ B 𝐸𝑄′/𝐵
0  
B + A → C k2 
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Here, 𝐿𝑥2 is given by a truncated series that describes the solution velocity close to the electrode surface. 
This is an approximate solution obtained from the Navier-Stokes equation by Von Kármán192 and 
numerically verified by Cochran193. In this analysis, we have assumed all chemical species in solution to 
have identical diffusion coefficients.  
One might be curious as to why these equations are posed in only one spatial dimension. The 
geometry and symmetry of the RDE setup make it convenient to convert the Cartesian coordinates that are 
commonly used when solving the mass-transfer part of an electrochemical problem to cylindrical 
coordinates. In cylindrical coordinates, concentrations are no longer a function of 𝜑 such that 
𝜕𝐶
𝜕𝜑
= 0 (where 
C is a generic chemical concentration). In addition, Levich demonstrated in his seminal work 




= 0.143 Thus, we need only to focus on the coordinate orthogonal to the electrode surface, which in 
this case is denoted 𝑥. 
To solve these partial differential equations, boundary conditions must be given for each species. 
Herein, Robin boundary conditions, corresponding to the use of Butler Volmer kinetics, are used. This will 
produce a more general solution as these boundary conditions do not assume that the Nernstian electron 
transfer condition holds. The boundary conditions in the bulk solution(𝑥 → ∞), as well as the initial 
conditions(𝑡 = 0), are then given by: 
𝐶𝑃(𝑥 → ∞, 𝑡 > 0) =  𝐶𝑃(𝑥, 𝑡 = 0) = 𝐶𝑃
0 
𝐶𝑄(𝑥 → ∞, 𝑡 > 0) =  𝐶𝑄(𝑥, 𝑡 = 0) = 0 
𝐶𝑄′(𝑥 → ∞, 𝑡 > 0) =  𝐶𝑄′(𝑥, 𝑡 = 0) = 0 
𝐶𝐵(𝑥 → ∞, 𝑡 > 0) =  𝐶𝐵(𝑥, 𝑡 = 0) = 0 
𝐶𝐴(𝑥 → ∞, 𝑡 > 0) =  𝐶𝐴(𝑥, 𝑡 = 0) = 𝐶𝐴
0. 


























)𝑥=0 = 0 
 
where the forward and backward electron transfer rate constants are defined in terms of the standard Butler 









Derivation of the Hale Approach 
Now that we have the appropriate initial and boundary conditions, we begin with our derivation of 
the Hale approach. First, the system of equations are cast into dimensionless forms by introducing the 















































After re-writing the equations in dimensionless forms, application of the chain rule to the aforementioned 
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) − 𝜆2𝑎𝑏 − 𝜆1𝑎𝑞. 
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The Hale transformation6 then provides another coordinate transformation given by the following equation, 
where ∫ 𝑒−𝑊′














The Hale transformation in effect reduces the two terms corresponding to diffusion and convection into a 
single expression. This transforms what was a semi-infinite domain, to a finite domain where 𝑥 = 0 
corresponds to 𝑌 = 0, and 𝑥 =  ∞ corresponds to 𝑌 = 1.  























































) −  𝜆2𝑎𝑏 − 𝜆1𝑎𝑞.  
The 𝑊 coordinate can be related to the 𝑌 coordinate via:  
𝑑𝑊
𝑑𝑌




This equation is solved in our simulation program with a standard fourth order Runge-Kutta method. In 
addition, new values corresponding to the initial conditions (𝜏 = 0) and boundary conditions in the bulk 
solution (𝑌 = 1) are given by: 
𝑝(𝑌 = 1, 𝜏 > 0) = 𝑝(𝑌, 𝜏 = 0) = 1 
𝑞(𝑌 = 1, 𝜏 > 0) = 𝑞(𝑌, 𝜏 = 0) = 0 
𝑞′(𝑌 = 1, 𝜏 > 0) = 𝑞′(𝑌, 𝜏 = 0) = 0 
𝑏(𝑌 = 1, 𝜏 > 0) = 𝑏(𝑌, 𝜏 = 0) = 0 
𝑎(𝑌 = 1, 𝜏 > 0) = 𝑎(𝑌, 𝜏 = 0) = 𝛾 











































where 𝐾𝑓/𝑏 =  √1.65894𝑘𝑓/𝑏(𝐿
2𝐷)1/3.  
















With these simplified equations and coordinate space, discretization via finite differences can be employed 
to determine the current potential curves of interest.  
Derivation of the Nernst Diffusion Layer Approach 
The Nernst Diffusion Layer approach simplifies the reaction-convection-diffusion equation 
tremendously by stipulating the existence of a layer at the electrode surface with a thickness 𝛿 in which 
convective effects can be neglected. In this model, for any 𝑥 < 𝛿, the convection term within the given 
system of differential equations can be eliminated. The thickness of this diffusion layer is given by: 
𝛿 = 1.61𝐷1/3𝜈1/6𝜔−1/2. 
The thickness of the diffusion layer can be experimentally modulated via rotation rate, whereby faster 
rotation rates result in thinner diffusion layers.  
As RDE rapidly achieves steady state conditions (at slow scan rates), we must now solve the 
steady-state version of Fick’s second law for 0 ≤ 𝑥 ≤ δ. Hence, we will apply the use of finite boundary 
conditions stipulated at both the electrode surface and at the edge of the Nernst diffusion layer. The 




















) =  𝑘1𝐶𝑄𝐶𝐴 + 𝑘2𝐶𝐵𝐶𝐴. 
The boundary conditions at the diffusion layer (𝑥 =  𝛿) are given by: 
𝐶𝑃(𝑥 = 𝛿) = 𝐶𝑃
0 
𝐶𝑄(𝑥 = 𝛿) = 0 
𝐶𝑄′(𝑥 = 𝛿) = 0 
𝐶𝐵(𝑥 = 𝛿) = 0 
176 
 
𝐶𝐴(𝑥 = 𝛿) = 𝐶𝐴
0. 
































)𝑥=0 = 0. 
We then introduce the following dimensionless parameters: 









































Substituting these dimensionless variables into our differential equation yields the following set of 


















) =  𝜆1𝑎𝑞 + 𝜆2𝑎𝑏. 
Substitution of the dimensionless variables into the 𝑦 = 1 boundary condition gives  
𝑝(𝑦 = 1) = 1 
𝑞(𝑦 = 1) = 0 
𝑞′(𝑦 = 1) = 0 
𝑏(𝑦 = 1) = 0 
𝑎(𝑦 = 1) = 𝛾. 

























)𝑦=0 = 0 
where 𝜃 and 𝜃′ represent the dimensionless potential terms defined as 




























These equations can be readily approximated via standard numerical methods. 
C.2 Overview of Numerical Methods 
Computational Details Associated with the Hale Approach 
Equations derived via the Hale transform were numerically solved in time using the backward Euler 
method, which is an implicit method. We use an implicit method to avoid numerical instabilities related to 
the nonlinear kinetic terms that appear for explicit time stepping schemes. The stiffness typically associated 
with the diffusion terms motivated the use of a fully implicit method.  
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To describe our computational approach, the unit interval, corresponding to the computational 
domain and the entire physical domain by application of the Hale transformation, is split up into N intervals 
of equal length using a total of N+1 grid points. The second derivatives are approximated by a standard 
three-point second-order centered finite difference formula. For the duration of the simulation, a time step 
size of 5e-3 was maintained for each time step, and the resulting nonlinear system was solved using the 
Newton-Raphson method with an error tolerance fixed at 1e-8. Since we are interested in solving for the 
current-potential response under steady-state conditions – as is realized experimentally with RDE – the 
following approach is used: For the initial time point (𝑡 =  0), the potential is held at a value sufficiently 
positive of the reduction potential of the catalyst such that no current flows. The potential is then stepped 
to a value where current begins to flow and the transient current response is computed until deviation from 
steady-state is negligible. This process is then repeated iteratively until the potential reaches its pre-
determined switching potential. The current-potential response for a simple, reversible one-electron 
reduction was calculated in order to test the validity of this numerical approach. The mass transport 
corrected Tafel plot of 𝜃 against 𝑙𝑜𝑔10(𝑖
−1  −  𝑖𝑝𝑙
−1) for the resulting waveform were found to have the required 
slope of 2.303158 (Figure C.1), validating this numerical approach. 
 
Figure C.1 Mass transport corrected Tafel analysis of current-potential curves for a single reversible 
electron transfer. As the line of best fit shows, the required slope of 2.303 was achieved. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 




Computational Details Associated with the Nernst Diffusion Layer Approach 
The equations obtained from the Nernst Diffusion Layer approach were also approximated by a 
finite difference formula with the Newton-Raphson method used for solving the resulting nonlinear 
equations. To more accurately resolve the dynamics close to the electrode surface, we employed a 
nonuniform grid in this regime paired with a Newton-Raphson error tolerance set to 1e-10. More specifically, 
the domain [0, 𝛿] was split into N intervals with grid-points 𝑥𝑖  =  𝑖




requires non-uniform finite differences formulas.194 Steady-state current-potential curves and concentration 
profiles were computed in an iterative manner by first holding the potential sufficiently positive such that no 
current is passed. From this point, the potential is then stepped and the current-potential behavior and 
concentration profiles are computed. This process is then repeated over the entire potential window. Again, 
the validity of this approach was verified by calculating the response for a single, reversible electron transfer 
reaction and performing mass transport corrected Tafel analysis on the resulting trace. The required slope 
of 2.303 was also achieved for this numerical approach (Figure C.2).  
 
Figure C.2 Mass transport corrected Tafel analysis for single reversible electron transfer current-potential 
curves using the Nernst Diffusion Layer approximation method. As the line of best fit shows, the required 
slope of 2.303 was obtained. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 
Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of 
Chemistry. 
Finally, we remark that both the Nernst Diffusion Layer and Hale Transformation numerical models 
were originally designed to incorporate a final chemical step corresponding to the ECECC′ mechanism of 
the cobaloxime catalyst.28 This third chemical step is included in the MATLAB scripts. In order to negate 
any effects of this last chemical step on the ECEC′ current-potential curves of interest described here and 
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in the main text, the homogenous rate constant, 𝑘3, was set to equal to a log10 value of 15 for each simulated 
voltammograms. However, any of the rate constants within the simulation script can easily be toggled to 
also incorporate different reaction mechanisms such as EC, ECE, ECEC, ECEC′, and ECECC′ so long as 
the homogenous and heterogenous rate constants are chosen accordingly.   
C.3 Convergence of the Nernst Diffusion Layer and Hale Approach 
The dimensionless rate parameter associated with both numerical methods can be identified by 
rewriting the parameter 𝛿 (describing the diffusion layer thickness) in terms of 𝐿 using the following equation: 






Identifying these dimensionless parameters facilitates comparison of the two numerical methods over a 
wide range of rate constants, rotation rates, and acid concentrations.  
By confirming agreement between the two methods under the pure kinetic conditions of interest, 
we may solve for rate constants using plateau current and FOW analysis as derived in the next section. In 
addition to the plots shown in the main text, we have provided two others (Figure C.3 and Figure C.4) 
which further demonstrate the agreement of both methods under pure kinetic conditions.  To restate, this 
agreement between both the Nernst Diffusion Layer and Hale Transformation models allows us to simplify 
what was a second order partial differential equation with respect to time and space (the convective 
diffusion equations, see section C.1, Derivation of the Hale Approach) second order ordinary, constant 
coefficient, differential equation (see section C.1 ) that can be easily solved for the homogenous, Derivation 
of the Nernst Diffusion Layer Approach) rate constants 𝑘1 and 𝑘2 via plateau current analysis and foot-of-




Figure C.3 (A) Simulated catalytic ECEC′ RDE waveforms comparing both the Nernst Diffusion Layer and 
Hale Transformation approaches under pure kinetic conditions. Here, reversible electron transfer was 
assumed, 𝛾 was set to value of 500, and homogenous rate constants were fixed such that k1 = 1e7 M-1 s-1 
and k2 = 1e5 M-1 s-1. Both the Nernst Diffusion Layer and Hale Transformation approaches show great 
agreement in this regime. (B) Corresponding simulated dimensionless concentration profiles. Here 𝑝, 𝑞, 𝑞’, 𝑏, 
and 𝑎 hold the same definitions as they did in Appendix C.2 with 𝑃∗ = 𝐶𝑃
0. As one can see, the consumption 
of  𝑎 is negligible with respect to the concentration of the catalytic intermediates which are contained to a 
thin reaction-diffusion layer much smaller than the Nernst diffusion later itself. Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by 





Figure C.4 Simulated RDE voltammograms for an ECEC′ catalytic mechanism utilizing the Hale 
transformation approach (dotted lines) and the Nernst Diffusion Layer approximation approach (solid lines). 
Here, dimensionless rate parameters for both models were equated and set to a log value of 5.  values 
were then sampled at values of 6 (dark blue), 24 (green), and 32 (red). As  is increased, the splitting feature 
of the pre-catalytic waveform becomes masked and eventually disappears altogether corresponding to 
transition between total-catalysis and mixed-transport kinetic control. Lee, K. J.; Gruninger, C. T.; Lodaya, 
K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission 






C.4 Derivations of Plateau Current and FOWA for an ECEC′ Mechanism at the RDE 
In order to begin the derivations for plateau current and foot-of-the-wave, we first must obtain a 
mathematical expression for the current-potential response under pure kinetic conditions in the absence of 
substrate consumption. Analogous derivations have been done for a myriad of two-electron, two-step 
catalytic reaction schemes using features pertinent to stationary electrochemistry.36 The subsequent 
analysis differs from that of stationary methods in that all time derivatives are set to zero (as RDE involves 
steady-state mass transport) and finite boundary conditions are stipulated rather than semi-infinite ones. 
As expected, despite these differences in approach, the same mathematical expression is derived for the 
steady-state catalytic response in both cases. We start with equations of the ECEC′ mechanism and the 
boundary conditions invoked in the introduction of the Nernst Diffusion Layer Approach (see section C.1, 
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where 𝑖1 + 𝑖2 = 𝑖. 
Now, using the linearity of the differential operator, we can combine each catalytic term to produce  
𝐷 (
𝑑2(𝐶𝑃 + 𝐶𝑄 + 𝐶𝑄′ + 𝐶𝐵)
𝑑𝑥2
) = 0, 
which upon integration and application of the relevant boundary conditions yields  
𝐶𝑃 + 𝐶𝑄 + 𝐶𝑄′ + 𝐶𝐵 = 𝐶𝑃
0. 
Moreover, we solved the equation above for all 0 ≤ 𝑥 ≤ 𝛿, we have that at 𝑥 = 0 
(𝐶𝑃)𝑥=0 + (𝐶𝑄)𝑥=0 + (𝐶𝑄′)𝑥=0 + (𝐶𝐵)𝑥=0 = 𝐶𝑃
0. 
 And if we recall the Nernstian electron transfer boundary conditions, we can show that  
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(𝐶𝑄)𝑥=0(1 + exp(𝜃1)) + (𝐶𝐵)𝑥=0(1 + exp(𝜃2)) = 𝐶𝑃
0 . 
Now with this equation in mind, and recalling that because of our assumption that the substrate 
concentration is in essence fixed at the electrode surface, we now go back to our original differential 








) =  𝑘2𝐶𝐵𝐶𝐴. 
Solving both linear, constant coefficient, second order differential equations with the application of the 







































However, because of our assumption of pure kinetic conditions, 𝑘1𝐶𝐴 and 𝑘2𝐶𝐴 are very large in magnitude, 
and hence, the exp (−2𝛿√
𝑘1,2𝐶𝐴
𝐷
) terms are well approximated by zero. With this simplification, we find that 
at the electrode surface (𝑥 = 0), the equations for 𝑄 and 𝐵 simplify to 








Using these equations with the Nernst relation, we obtain  
𝑖1
𝐹𝐴√𝐷√𝑘1𝐶𝐴
(1 + 𝑒𝑥𝑝(𝜃)) +
𝑖2
𝐹𝐴√𝐷√𝑘2𝐶𝐴
(1 + 𝑒𝑥𝑝(𝜃′)) = 𝐶𝑃
0. 
Furthermore, under pure kinetic conditions we obtain that 𝑖1 = 𝑖2 =
𝑖
2
 thus allowing us to write 
𝑖
2𝐹𝐴√𝐷√𝑘1𝐶𝐴
(1 + 𝑒𝑥𝑝(𝜃)) +
𝑖
2𝐹𝐴√𝐷√𝑘2𝐶𝐴
(1 + 𝑒𝑥𝑝(𝜃′) = 𝐶𝑃
0. 
It is here that we now set the exp(θ′) term to zero. This simplification stems from the assumption that for 
our ECEC′ reaction mechanism, the second electron transfer is far more thermodynamically favorable than 
the first. Thus, by the time any 𝑄′ forms at the electrode surface, 𝜃2 is negative and thus the 𝑒𝑥𝑝(𝜃′) term 










Solving for 𝑖 now gives that 









And at the plateau, where 𝜃1 ≪ 0, we obtain the equation for 𝑖𝑝𝑙 given by 









And in addition, if 𝑘2 ≪ 𝑘1, the equation can be further simplified to  
𝑖𝑝𝑙 =  2𝐹𝐴√𝐷√𝐶𝐴𝐶𝑃
0. 
This is identical to Equation 2 in the main text, where here n=2 and kobs = k2 𝐶𝐴
0. 
Now that we have the equation for the plateau current, let’s go back to the equation  









From this relation, we can see that at the foot of the catalytic wave, when 𝜃 ≫ 0 (i.e. E>>EP/Q), the 
exponential term dominates the denominator, and thus the equation for the current at the foot of the catalytic 
RDE wave is  
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D.1 Determination of Diffusion Coefficient via RDEV and Comparison to Stationary Methods 
The diffusion coefficient of Co(dmgBF2)2(CH3CN)2 was determined using rotation rate dependence studies 
between 42 and 262 rad s-1. Data collected at 377 rad s-1 and above showed deviations from the idealized 
sigmoidal waveform, indicative of a kinetic limitation imposed by electron transfer, and thus was not 
included in this analysis.  
The plateau current linearly correlates with ω1/2 as predicted via the Levich equation which relates the 
plateau current of a reversible, diffusion controlled redox process to ω (Eq. D.1).13 The Levich equation was 
used to calculate a diffusion coefficient of 9.15 x 10-6 cm2 s-1. This value is in excellent agreement with the 
diffusion coefficient obtained using stationary voltammetry (D = 9.22 x 10-6 cm2 s-1) and electrochemical 
simulation (D = 8 x 10-6 cm2 s-1).28,162 
𝑖𝑝 = 0.620𝑛𝐹𝐴𝐷
2 3⁄ 𝜈−1 6⁄ 𝜔1 2⁄ 𝐶𝑃
0   (D.1) 
 
Figure D.1 The cathodic limiting current of the CoII/I couple as a function of ω1/2. The slope of this line 
corresponds to 0.620𝑛𝐹𝐴𝐷2 3⁄ 𝜈−1 6⁄ 𝐶𝑃
0 per the Levich equation and can be used to extract the diffusion 
coefficient. Experimental data indicated by blue dots. Dashed line represents the linear fit. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 





D.2 Effects of Acid Identity, Concentration, and Rotation Rate on Catalytic Voltammograms 
Extracting figures of merit from catalytic voltammograms 
For RDE voltammograms with inclined plateau currents that did not reach a limiting current value, two 
metrics were considered as estimates of the plateau current. (Note: In cases where an exponential current 
rise could be identified near the vertex – see red trace in as an example Figure D.4 – only values in the 
non-curved region were considered.) The first used the maximum current reached in the sloping plateau as 
an estimate of plateau current. The second used the base coefficient determined by the sigmoidal curve 
fitting function in Igor Pro 7.08. While both methods are expected to introduce quantitative error into the 
measurement, they produce plateau currents that show qualitatively similar behavior. As such, both metrics 
were considered accurate enough to allow qualitative trends to be identified. In this work, for responses 
with inclined plateaus, the catalytic plateau current was approximated as the maximum measured current. 
Voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-methoxyanilinium are provided as an 
example data sets to illustrate the two approximation methods. These voltammograms were collected in 
the same solution with the same electrode, which was not re-polished between scans. Voltammograms 
were recorded at rotation rates spanning 42 – 262 rad sec-1, which were employed in ascending order.  
 
Figure D.2 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-methoxyanilinium at 
different rotation rates. Experimental data (black) overlaid with corresponding sigmoidal fits for 
voltammograms collected at 42 (grey), 68 (dark blue), 94 (light blue), 131 (dark green), 168 (light green), 
199 (yellow), 230 (orange), and 262 (red) rad sec-1. Voltammograms recorded in 0.25 M [NBu4][PF6] 
acetonitrile at 0.01 V sec-1. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, 




Figure D.3 Comparison of estimated 𝛹∞ value for 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-
methoxyanilinium when ic is extracted from sigmoidal fitting (blue) or the maximum current observed in the 
plateau region (red). While slight quantitative differences can be observed between the two metrics, similar 
qualitative behavior is observed. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 
Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of 
Chemistry. 
Plateau currents as a function of acid concentration  
Catalytic plateau currents will linearly depend on [acid]1/2 for reactions that are first order in acid when the 
current-potential response is governed by the kinetics of the catalytic reaction. In contrast, a first-order 
dependence of the plateau current on [acid] will be observed when the plateau current is governed by the 
diffusion of substrate into the reaction layer.15 In stationary electrochemical studies, a half-order 
dependence was observed for weaker acids (pKa ≥ 9.7) while a linear dependence with a slope of -0.3 mA 
cm-2 M-1 was observed for stronger acids (pKa ≤ 9.28).28   
Relationship between plateau current and acid concentration dependence was evaluated for RDE 
voltammograms of 4-trifluoromethoxyanilinium and anilinium. All voltammograms were collected at 42 rad 
sec-1. For anilinium (pKa = 10.62), plots of plateau current vs. [acid]1/2 are linear. In contrast, for 4-
trifluoromethoxyanilinium (pKa = 9.28), a linear dependence is observed between the current density and 




Figure D.4 RDE voltammograms of 0.5 mM Co(dmgBF2)(CH3CN)2 with 0 (black), 0.5 (blue), 0.55 (light 
blue), 1 (green), 4 (yellow), 5 (orange), and 5.5 (red) mM 4-trifluoromethoxyanilinium. Voltammograms 
recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.01 V sec-1. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of 
The Royal Society of Chemistry. 
 
Figure D.5 Current density as a function of (A) [acid]1/2 and (B) [acid] for 4-trifluoromethoxyanilinium. In 
contrast to the current-[acid]1/2 plot, the current-[acid] plot intercepts the y-axis at the current value observed 
for CoII/I couple of Co(dmgBF2)2(CH3CN)2 in the absence of substrate. Lee, K. J.; Gruninger, C. T.; Lodaya, 
K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission 




Figure D.6 RDE voltammograms of 0.5 mM Co(dmgBF2)(CH3CN)2 with 0 (black), 0.5 (grey), 1 (green), 2 
(blue), and 5 (red) mM anilinium recorded in 0.25 M [NBu4][PF6] acetonitrile at 0.01 V s-1. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
 
 
Figure D.7 Current density as a function of (A) [acid]1/2 and (B) [acid] for anilinium. A half-order dependence 
of plateau current on acid concentration is observed, indicating that the catalytic current response is not 
governed by diffusion of substrate into the reaction layer. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of 




Catalytic voltammograms for variable rotation rate studies 
Catalytic voltammograms were recorded for 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 1 or 10 
equivalents 4-trifluoromethoxyanilinium, anilinium, and 4-methoxyanilinium at rotation rates ranging from 
42-262 rad sec-1. Trials for a given acid identity and concentration were collected using the same working 
electrode and solution such that a freshly prepared solution and pretreated working electrode were used 
for the first scan in a data set, but the solution and electrode were not refreshed in between voltammograms. 
For each set of trials, rotation rates were varied in ascending order (lowest to highest rotation rate). 
Voltammograms have not been baseline corrected to account for the increase in ibaseline due to the 
accumulation of redox active products in the bulk solution (see section 4.4.1). 
4-methoxyanilinium (pKa = 11.86) 
RDE voltammograms for variable rotation rate trials with 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 
5 mM 4-methoxyanilinium shown in Figure D.2. 
 
Figure D.8 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 0.5 mM 4-
methoxyanilinium at rotation rates of 42 (dark blue), 94 (light blue), 128 (green), 168 (yellow), 212 (orange), 
and 262 rad sec-1 (red). Voltammograms recorded at 0.01 V s-1 in 0.25 M [NBu4][PF6] acetonitrile using a 
ferrocene (0.25 mM) internal standard. To reference voltammograms while avoiding the accumulation of 
ferrocenium in solution, stationary voltammograms were collected between RDE trials which scanned 
through the ferrocene redox couple. No major deviations in baseline current were observed. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 




Anilinium (pKa = 10.62) 
 
Figure D.9 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 0.5 mM anilinium at 
rotation rates of 42 (grey), 94 (green), 168 (blue), and 262 (red) rad sec-1. Voltammograms recorded at 0.01 
V sec-1 in 0.25 M [NBu4][PF6] acetonitrile using a ferrocene (0.5 mM) internal standard. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 
– Reproduced by permission of The Royal Society of Chemistry. 
 
Figure D.10 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM anilinium at 
rotation rates ranging of 42 (grey), 68 (dark blue), 94 (light blue), 131 (green), 168 (light green),199 (yellow), 
230 (orange), and 262 rad sec-1 (red). Voltammograms recorded at 0.01 V sec-1 in 0.25 M [NBu4][PF6] 
acetonitrile using a decamethylferrocene (0.25 mM) internal standard. Lee, K. J.; Gruninger, C. T.; Lodaya, 
K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission 





4-trifluoromethoxyanilinium (pKa = 9.28) 
 
Figure D.11 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 0.5 mM 4-
trifluoromethoxyanilinium at rotation rates of 42 (grey), 94 (green), 168 (blue), and 262 (red) rad sec-1 (red). 
Voltammograms recorded at 0.01 V sec-1 in 0.25 M [NBu4][PF6] acetonitrile using a ferrocene (0.5 mM) 
internal standard. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., 
Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Figure D.12 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 4-
trifluoromethoxyanilinium at rotation rates ranging of 42 (grey), 68 (dark blue), 94 (light blue), 131 (green), 
168 (light green),199 (yellow), 230 (orange), and 262 rad sec-1 (red). Voltammograms recorded at 0.01 V 
sec-1 in 0.25 M [NBu4][PF6] acetonitrile using a decamethylferrocene (0.25 mM) internal standard. Lee, K. 
J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-




D.3 Extracting kinetic information using foot-of-the-wave analysis 
To ensure that foot-of-the-wave analysis (FOWA) is applicable in RDEV, a series of digital 
simulations were performed and the simulated voltammograms were evaluated via the modified FOWA 
protocol discussed below. Rate constants used in the simulations were based on reported rates for HER 
by Co(dmgBF2)2(CH3CN)2 in the presence of 4-trifluoromethoxyanilinium (k1 = 9.91e06 M-1 s-1, k2 = 3340 
M-1 s-1, kΩ = 125 s-1).28 As HER by Co(dmgBF2)2(CH3CN)2 proceeds via an ECEC′ pathway where the 
second electron transfer is more thermodynamically favorable than the first (E1 < E2) and the first chemical 
step is not rate-limiting (k1 > k2), FOWA can be used to evaluate k1.36 As has been previously reported for 
FOWA for stationary cyclic voltammetry, the accuracy of the determined rate constant decreases as ΔE or 
k1/k2 becomes smaller due to the increased contribution of the second electrochemical process; in some 
cases, k1 can be underestimated by order-of-magnitudes.17 All simulations were generated in DigiElch 
8.FD. 
Evaluation of simulated voltammograms using FOWA 
As HER by Co(dmgBF2)2(CH3CN)2 proceeds with a log(k1/k2) ratio of approximately 3.5 when using 
4-trifluoromethoxyanilinium, a ΔE greater than approximately -0.25 V is necessary to ensure that rate 
information extracted through FOWA is within an order of magnitude of true rate constant of the first 
chemical step.17,28 However, the reduction potential of Co(III)-H is estimated to be only 20-100 mV more 
positive than the CoII/I couple and thus any k1 value determined by FOWA is expected to underestimate the 
true value.163,166 As such, three series of simulations were performed which set the ΔE values as either 20 
mV, 100 mV, or 400 mV. Rate constants derived for all simulations are within an order of magnitude of the 
input k1 value and, as expected, the determined k1 value for simulations using ΔE values of 20 and 100 mV 




Parameters for digital simulations 
Scan Rate Geometry Radius Potential Steps Ru Temp Cdl 
0.001 V/s Planar 0.25 cm 0.001 V 0 ohm 298.2 K 0 
 
Diffusion Rotation Rate ν 
Hydrodynamic 100 rad s-1 0.00455 cm2/s 
 
Charge Transfer Reactions: 
Reaction Eo′ α ks 
Co(II) + e- ⇌ Co(I) 0 V 0.5 10000 cm/s 
CoH + e- ⇌ CoH- varied 0.5 10000 cm/s 
Eo′ for CoH/CoH- redox couple varied between 0.02, 0.1, and 0.4 V 
Chemical Reactions: 
Reaction k 
Co(I) + H ⟶ CoH 9.91e06 M s-1 
CoH- + H ⟶ CoH2 3340 M s-1 
CoH2 ⟶ Co(II) + H2 125 s-1 
 
Species Parameters: 
 D Initial Concentration 
Co(II) 1e-05 cm2/s 0.0005 M 
Co(I) 1e-05 cm2/s 0 M 
acid 1e-05 cm2/s Varied 
CoH 1e-05 cm2/s 0 M 
CoH- 1e-05 cm2/s 0 M 
CoH2 1e-05 cm2/s 0 M 
H2 1e-05 cm2/s 0 M 




To perform FOWA, the potential axis of the catalytic voltammogram was converted to 
1 (1 + exp[θ])⁄  and the current (ic) was divided by the plateau current of the CoII/I wave in the absence of 
acid (il). The resulting plots of ic/il vs 1 (1 + exp[θ])⁄  are linear near the foot of the catalytic wave. To extract 
an observed rate constant (kFOWA) from the slope of the linear region, the equation derived for FOWA of an 
ECEC′ mechanism (Eq. D.2) is divided by the Levich equation (Eq. D.1) to yield an ic/il relationship (Eq. D.3) 















Case A1: Eo′ of CoH/CoH- redox couple = 0.02 V 
   
Figure D.13 (A) Simulation of ECEC′ mechanism for ΔE = 0.02 V when 𝐶𝐴
0 is 0 M (grey), 0.005 M (green), 
0.025 M (blue), or 0.05 M (red). (B) FOW plot obtained by converting the current to the ic/ip ratio and 
converting potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-
coded to correspond with their simulated voltammogram. Grey dashed are the linear fit of the foot of the 
wave. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 
145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Table D.1 kFOWA for case A1 
[acid] Slope kFOWA 
0.005 M 96.2 1.16e04 s-1 
0.025 M 213.27 5.68e04 s-1 





Case A2: Eo′ of CoH/CoH- redox couple = 0.1 V 
   
Figure D.14 (A) Simulation of ECEC′ mechanism for ΔE = 0.1 V when 𝐶𝐴
0 is 0 M (grey), 0.005 M (green), 
0.025 M (blue), or 0.05 M (red). (B) FOW plot obtained by converting the current to the ic/ip ratio and 
converting potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-
coded to correspond with their simulated voltammogram. Grey dashed lines are the linear fit of the foot of 
the wave. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 
2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Table D.2 kFOWA for case A2 
[acid] Slope kFOWA 
0.005 M 98.9 1.22e04 s-1 
0.025 M 220.9 6.10e04 s-1 





Case A3: Eo′ of CoH/CoH- redox couple = 0.4 V 
   
Figure D.15 (A) Simulation of ECEC′ mechanism for ΔE = 0.4 V when 𝐶𝐴
0 is 0 (grey), 0.005 (green), 0.025 
(blue), or 0.05 M (red). (B) FOW plot obtained by converting the current to the ic/ip ratio and converting 
potential to the FOW axis. Solid lines represent converted trace and are color-coded to correspond with 
their simulated voltammogram. Grey dashed lines are the linear fit of the FOW. Lee, K. J.; Gruninger, C. 
T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced 
by permission of The Royal Society of Chemistry. 
 
Table D.3 kFOWA for case A3 
[acid] Slope kFOWA 
0.005 M 193.0 4.66e04 s-1 
0.025 M 438.16 2.40e05 s-1 






Figure D.16 (Left) Comparison of simulated voltammograms with ΔE = 0.02 (green), 0.1 (blue), and 0.4 
(red) V and [substrate] of 0 (grey), 0.005, 0.025, and 0.05 M. (Right) Comparison of corresponding FOW 
plots. Traces are color coded to correspond with their simulated voltammogram. Lee, K. J.; Gruninger, C. 
T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced 
by permission of The Royal Society of Chemistry. 
 
 
Figure D.17 k1 was extracted from the slope of kFOWA versus [acid] (kFOWA = k1[acid]). Dots represent kFOWA 
for simulated data with ΔE values of 0.02 (green), 0.1 (blue), and 0.4 (red) V. Dashed lines are linear fits of 
kFOWA data and are color-coded to correspond with their data points. Solid black line represents the ideal 
linear fit for k1 = 9.91e06 M-1 s-1. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 







Table D.4 Comparison of rate constants calculated using FOWA for simulations varying ΔE 





Impact of relative rate constants on FOWA for simulated voltammograms 
A second parameter that has been shown to impact the accuracy of k1 values extracted from FOWA 
for an ECEC′ in the context of stationary CV is the ratio of the rate constants for the two chemical steps 
(k1/k2), with smaller k1/k2 values resulting in greater underestimations of k1 due to increased contribution of 
the second electrochemical process.17 To explore the impact of this ratio on FOWA for RDEV, two sets of 
simulations were conducted. First, a generic ECEC′ mechanism with log(k1/k2) values spanning a range 
from 1 to 3 was analyzed. These simulations show that a comparable dependence of the accuracy of k1 on 
the ratio of k1/k2 will be operative in FOWA for RDEV. To determine the extent that this ratio will impact 
analysis of experimental data, FOWA was applied to simulations using kinetic parameters specific to HER 
by Co(dmgBF2)2(CH3CN)2 with para-substituted anilinium. In all simulations, the ΔE value was set to 0.4 V 




Simulation Set 1: Generic simulations of an ECEC′ mechanism 
Parameters for digital simulations 
Scan Rate Geometry Radius Potential Steps Ru Temp Cdl 
0.001 V/s Planar 0.25 cm 0.001 V 0 ohm 298.2 K 0 
 
Diffusion Rotation Rate ν 
Hydrodynamic 100 rad s-1 0.00455 cm2/s 
 
Charge Transfer Reactions: 
Reaction Eo′ α ks 
P + e- ⇌ Q 0 V 0.5 10000 cm/s 




Q + acid ⟶ QA varied 
QA- + acid ⟶ P + B 10 M s-1 
 
k1 varied between 100, 1000, and 10000 M-1 sec-1 
 
Species Parameters: 
 D Initial Concentration 
P 1e-05 cm2/s 0.0005 M 
Q 1e-05 cm2/s 0 M 
acid 1e-05 cm2/s Varied 
QA 1e-05 cm2/s 0 M 
QA- 1e-05 cm2/s 0 M 
B 1e-05 cm2/s 0 M 




Case B1: log(k1/k2) = 1 
 
Figure D.18 (A) Simulation of ECEC′ mechanism for log(k1/k2) = 1 when 𝐶𝐴
0 is 0 (grey), 0.025 (green), 0.05 
(blue), or 0.5 M (red). (B) FOW plot obtained by converting the current to the ic/il ratio and converting 
potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-coded to 
correspond with their simulated voltammogram. Grey dashed lines are the linear fit of the foot of the wave. 
Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 
1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Table D.5 kFOWA for case B1 
[acid] Slope kFOWA 
0.025 M 1.33 2.21 s-1 
0.05 M 1.66 3.45 s-1 





Case B2: log(k1/k2) = 2 
 
Figure D.19 (A) Simulation of ECEC′ mechanism for log(k1/k2) = 2 when 𝐶𝐴
0 is 0 (grey), 0.025 (green), 0.05 
(blue), or 0.5 M (red). (B) FOW plot obtained by converting the current to the ic/ip ratio and converting 
potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-coded to 
correspond with their simulated voltammogram. Grey dashed lines are the linear fit of the foot of the wave. 
Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 
1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Table D.6 kFOWA for case B2 
[acid] Slope kFOWA 
0.025 M 3.64 1.66e01 s-1 
0.05 M 5.37 3.61e01 s-1 





Case B3: log(k1/k2) = 3 
   
Figure D.20 (A) Simulation of ECEC′ mechanism for log(k1/k2) = 3 when 𝐶𝐴
0 is 0 (grey), 0.025 (green), 0.05 
(blue), or 0.5 M (red). (B) FOW plot obtained by converting the current to the ic/ip ratio and converting 
potential to the FOW axis 1/(1+exp[θ]). Solid lines represent converted trace and are color-coded to 
correspond with their simulated voltammogram. Grey dashed lines are the linear fit of the foot of the wave. 
Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 
1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Table D.7 kFOWA for case B3 
[acid] Slope kFOWA 
0.025 M 12.9 2.08e02 s-1 
0.05 M 18.6 4.34e02 s-1 






Figure D.21 Comparison of FOW plots derived from simulated voltammograms with log(k1/k2) = 1 (green), 
2 (blue), and 3 (red) and [substrate] of 0.025, 0.05, and 0.5 M. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of 
The Royal Society of Chemistry. 
 
Figure D.22 k1 was extracted from the slope of kFOWA versus [acid] (kFOWA = k1[acid]). Dots represent kFOWA 
for simulated data with log(k1/k2) = 1 (green), 2 (blue), and 3 (red). Dashed lines are linear fits of kFOWA data 
and are color-coded to correspond with their data points. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; 
Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of 
The Royal Society of Chemistry. 
 
Table D.8 Comparison of rate constants calculated using FOWA for RDE simulations varying k1/k2 
log(k1/k2) k1 (M-1 s-1) k1_FOWA (M-1 s-1) log(k1_FOWA/k1) 
1 100 72.6 -0.14 
2 1000 861 -0.065 





Simulation Set 2: Simulations of HER by Co(dmgBF2)2(CH3CN)2 with para-substituted aniliniums 
For HER by Co(dmgBF2)2(CH3CN)2, the k1/k2 ratio will depend on the identity of the acid with log(k-
1/k2) values ranging from 2.95 (4-methoxyanilinium) to 3.52 (4-methylbenzoateanilinium) if the second 
protonation step is rate-limiting. For acids where the acid independent step (kΩ) becomes rate-limiting at 
high acid concentrations, this ratio will range from 4.90 (4-trifluoromethoxyanilinium) to 6.34 (4-
cyanoanilinium). To explore the extent that these ratios will impact FOWA for Co(dmgBF2)2(CH3CN)2 with 
para-substituted aniliniums, simulations were performed using the previously reported rate constants for 4-
methoxyanilinium and the accuracy of these results were compared to the analogous simulations performed 
using the reported rate constants for 4-trifluoromethoxyanilinium (see Figure D.15, Figure D.17).28 
Parameters for digital simulations 
Scan Rate Geometry Radius Potential Steps Ru Temp Cdl 
0.001 V/s Planar 0.25 cm 0.001 V 0 ohm 298.2 K 0 
 
Diffusion Rotation Rate ν 
Hydrodynamic 100 rad s-1 0.00455 cm2/s 
 
Charge Transfer Reactions: 
Reaction Eo′ α ks 
Co(II) + e- ⇌ Co(I) 0 V 0.5 10000 cm/s 




Co(I) + H ⟶ CoH 3.06e04 M s-1 
CoH- + H ⟶ CoH2 33.9 M s-1 






 D Initial Concentration 
Co(II) 1e-05 cm2/s 0.0005 M 
Co(I) 1e-05 cm2/s 0 M 
acid 1e-05 cm2/s Varied 
CoH 1e-05 cm2/s 0 M 
CoH- 1e-05 cm2/s 0 M 
CoH2 1e-05 cm2/s 0 M 
H2 1e-05 cm2/s 0 M 
Initial concentration of acid varied between 0, 0.005, 0.025, and 0.05 M 
 
    
Figure D.23 (left) Simulation of ECEC′ mechanism using the kinetic parameters for 4-methoxyanilinium 
when 𝐶𝐴
0 is 0 M (grey), 0.005 M (green), 0.025 M (blue), or 0.05 M (red). (right) FOW plot obtained by 
converting the current to the ic/ip ratio and converting potential to the FOW axis 1/(1+exp[θ]). Solid lines 
represent converted trace and are color-coded to correspond with their simulated voltammogram. Grey 
dashed lines are the linear fit of the foot of the wave. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, 
S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal 
Society of Chemistry. 
 
Table D.9 kFOWA for 4-methoxyanlinium RDE simulations 
[acid] Slope kFOWA 
0.005 M 9.98 1.24e02 s-1 
0.025 M 23.21 6.73e02 s-1 





Figure D.24 k1 was extracted from the slope of kFOWA versus [acid] (kFOWA = k1[acid]). Dots represent kFOWA 
for simulated data and dashed lines are linear fits of kFOWA data. Solid grey line represents the ideal linear 
fit for k1 = 3.06e04 M-1 s-1. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, 
J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
Table D.10 kFOWA for simulations of 4-methoxyanilinium and 4-trifluoromethoxyanilinium 
 k1_FOWA (M-1 s-1) reported k1 (M-1 s-1) log(k1_FOWA/k1) 
4-methoxyanilinium 2.67e04 3.06e04 -0.06 
4-trifluoromethoxyanilinium 9.66e06 9.91e06 -0.01 
 
Rate constants for the first chemical step derived from FOWA (k1_FOWA) are within an order of magnitude of 
the k1 values used in the simulations. Comparing the log(k1_FOWA/k1) for the two acids shows that a slightly 
more accurate rate constant is extracted from simulations using the reported rate constants for HER with 
4-trifluoromethoxyanilinium, behavior consistent with the larger k1/k2 ratio under these conditions, however 
the relative impact is negligible. 
Application of FOWA to experimental data 
FOWA was applied to RDE voltammograms recorded with 0.5 mM Co(dmgBF2)2(CH3CN)2 in the 
presence of 4-trifluoromethoxyanilinium (RDE voltammograms and FOW traces available in the main text). 
Data sets used for FOWA were obtained with a freshly polished electrode using a fresh solution of catalyst 
and acid in order to minimize interference from side phenomena. To perform FOWA, the potential axis of 
the voltammogram was converted to 1 (1 + exp[θ])⁄  and the current (ic) was divided by the plateau current 




An observed rate constant (kFOWA) was extracted from the slope of the linear region at the FOW 
using equation 4.3. In this work, the number of electrons passed in the Levich equation is n = 1. All data 
sets collected at ω = 42 rad sec-1. The values of kFOWA were found to linearly depend on acid concentration, 
allowing a k1 of 8.42e06 M-1 s-1 to be calculated.  
 
Figure D.25 Observed rate constants derived via FOWA as a function of acid concentration. The linear 
dependence of this plot allowed the rate constant for the first chemical step to be estimated. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 





D.4 Evolution of Solution Composition 
RDE voltammograms (3 per rotation rate) were collected in a Fc-only solution at five rotation rates 
(42, 94, 168, 262, 316 rad sec-1) and OCP measurements were obtained between each voltammogram 
(see section 4.4.1). During these voltammograms, the potential was scanned positively until a limiting 
cathodic current (corresponding to the oxidation of Fc) was reached (ca. 0.4 V). The scan direction was 
then switched and the potential was swept negatively until baseline current was reached (ca. -0.45 V). 
Voltammograms recorded at 0.005 V s-1 in 0.25 M [NBu4][PF6] acetonitrile are available in the main text. 
 
Figure D.26 Picture of cell containing 2 mM Fc in 0.25 M [NBu4][PF6] acetonitrile following final RDEV-OCP 
measurement. Solution color changed from orange – as expected for Fc – to green over the course of the 
scans. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 






Figure D.27 UV-vis absorbance spectra tracking the composition of the solution during variable rotation 
rate trials using 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM anilinium and 0.5 mM Fc* in 0.25 M [NBu4][PF6] 
acetonitrile (see Figure D.10). Two spectra were collected at the end of the RDE experiments: (red) an 
aliquot of the solution that had not undergone any electrochemical trials and (blue) the reaction solution 
after variable rotation rate experiments. Growth of a feature at 775 nm consistent with features observed 
for Fc*+ (grey trace) observed in the spectrum of the solution after variable rotation rate experiments. Lee, 
K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-





D.5 Electrochemical Monitoring of Electrode Properties 
Intermediate stationary voltammograms recorded during variable rotation rate trials 
For variable rotation rate studies in solutions of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM acid, the 
rotator was turned off between each RDE trial and stationary voltammograms were recorded in the same 
solution using the same working electrode without polishing between scans. For all stationary catalytic 
voltammograms recorded, the catalytic wave is peak-shaped and the current does not reach a plateau. For 
these stationary catalytic voltammograms, Ψ∞ is defined as (catalytic peak current)/ipeak. Plots tracking the 
peak-to-peak separation for the CoIII/II couple and the Ψ∞ values for the stationary voltammograms are 
plotted as a function of the rotation rate for the RDE trial collected prior to the stationary voltammogram. 
Rotation rates were traversed in ascending order, such that moving from left to right across the x-axis 
represents both an increase in ω and trial number. 
4-trifluoromethoxyanilinium 
Pertinent RDE voltammograms and stationary voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 
mM 4-trifluoromethoxyanilinium can be found in the main text. 
 
Figure D.28 (A) Potentials (vs. Fc+/0) for the anodic and cathodic peaks of the CoIII/II couple across variable 
rotation rate trials in a solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-trifluoromethoxyanilinium 
and 0.25 mM decamethylferrocene along with (B) their respective peak-to-peak separation. Lee, K. J.; 
Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 




Figure D.29 Variation of 𝛹∞ for stationary voltammograms over the course of rotation rate studies in a 
solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-trifluoromethoxyanilinium and 0.25 mM 
decamethylferrocene. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. 
L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Anilinium 
Pertinent stationary voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM anilinium along 
with plots tracking changes in Ψ∞ and ΔEp[CoIII/II] can be found in the main text. For RDE voltammograms, 
a two-segment potential range that included the [Fc*]+/0 couple was used: the potential was swept from -
0.25 V to -1.15 V and then from -1.15 V back to -0.25 V. Because this range includes the [Fc*]+/0 couple, 
the increase in baseline current observed during RDE measurements is attributed to the accumulation of 





Figure D.30 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM anilinium at 
rotation rates ranging from 42 rad sec-1 (blue) to 513 rad sec-1 (red). Voltammograms recorded at 0.01 V 
sec-1 in 0.25 M [NBu4][PF6] acetonitrile using a decamethylferrocene (0.25 mM) internal standard. Lee, K. 
J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-
1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
4-methoxyanilinium  
Voltammograms were recorded using a ferrocene internal standard which partially overlapped with 
the CoIII/II redox couple, precluding analysis of the change in peak-to-peak separation for this wave.  For 
RDE voltammograms, a three-segment potential range that included the Fc+/0 couple was used: the 
potential was swept from -0.25 V to -1.15 V, then from -1.15 V to 0.2 V, and finally from 0.2 V back to -0.25 
V. Because this range includes the Fc+/0 couple, the increase in baseline current observed during RDE 




Figure D.31 RDE voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 4-
methoxyanilinium at rotation rates ranging from 42 rad sec-1 (blue) to 513 rad sec-1 (red). Voltammograms 
recorded at 0.01 V sec-1 in 0.25 M [NBu4][PF6] acetonitrile using a ferrocene (0.5 mM) internal standard. 
Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 
1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
 
Figure D.32 Stationary voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 4-
methoxyanilinium with a ferrocene (0.5 mM) internal standard. Voltammograms recorded at 0.1 V s-1 in 0.25 
M [NBu4][PF6] acetonitrile. (A) Voltammogram collected prior to RDE trials in red. Peak current increases 
in stationary voltammogram collected after RDE trials recorded at 42 (orange), 68 (yellow), 94 (light green), 
131 (dark green), 168 (light blue), and 199 (dark blue) rad sec-1. (B) Voltammogram collected after 199 rad 
sec-1 again shown in dark blue. Lower peak currents observed for stationary scans recorded after RDE 
trials at 230 (green), 262 (yellow), 293 (orange), and 317 rad sec-1 (red). Lee, K. J.; Gruninger, C. T.; 
Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by 




Figure D.33 Variation of 𝛹∞ for stationary voltammograms over the course of rotation rate studies in a 
solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-methoxyanilinium and 0.5 mM ferrocene. Lee, K. 
J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-





Evaluating electrode modification in the absence of RDEV 
To evaluate whether electrode modification is also observable in stationary experiments collected under 
conditions similar to those employed in RDE voltammetry, two control studies were conducted. 
Control Study 1: Electrodeposition during catalytic trials  
Multiple cycling experiments were conducted with a solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 in 
the presence of 5 mM 4-trifluoromethoxyanilinium to evaluate whether the properties of the electrode 
interface can be observably altered over the course of stationary catalytic runs. The same working electrode 
was used to collect 12 stationary voltammograms in the same solution without polishing between trials. No 
change in the peak-to-peak separation of the CoIII/II redox couple or consistent change in the catalytic 
current was observed during these trials, suggesting that observable electrode modification under catalytic 
conditions is unique to RDEV.  
 
Figure D.34 Stationary cyclic voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the absence of 
substrate (grey trace) and in the presence of 10 equivalents of 4-trifluoromethoxyanilinium collected with a 
freshly pretreated electrode (red trace) and the same electrode after multiple cycling trials (blue trace).  
Voltammograms recorded at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile using a 3 mm OD glassy carbon 
working electrode. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., 
Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal Society of Chemistry. 
 
Control Study 2: Acid-induced electrodeposition 
To determine whether observable electrode fouling takes place during stationary voltammograms 
in the presence of acid, a series of 8 stationary voltammograms were collected in a solution of 1.25 mM 4-
trifluoromethoxyanilinium with 0.25 mM decamethylferrocene internal standard (Figure D.35A). After these 
multiple cycling experiments, the electrode was then rinsed with acetonitrile and used to obtain a catalytic 
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voltammogram under stationary conditions in a solution of 0.5 mM Co(dmgBF2)2(CH3CN)2 with 5 mM 4-
trifluoromethoxyanilinium and 0.25 mM decamethylferrocene (Figure D.35B). In these catalytic 
voltammograms, an increase in ΔE[CoIII/II] of approximately 35 mV was observed relative to the 
voltammograms collected with a freshly polished electrode. However, the magnitude of the increase in 
ΔE[CoIII/II] is far smaller than that observed after analogous multiple cycling experiments collected under 
hydrodynamic conditions. This control studies indicates that the degree of acid-induced fouling is more 
pronounced during hydrodynamic experiments.  
    
Figure D.35 (A) Stationary voltammograms for multiple cycling experiments in a solution of 1.25 mM 4-
trifluoromethoxyanilinium with 0.25 mM decamethylferrocene recorded in 0.25 M [NBu4][PF6] acetonitrile at 
0.01 V s-1. Traces corresponding to the eight successive voltammograms that were collected in the 
presence of 4-trifluoromethoxyanilinium – scan 1 (red), 2 (orange), 3 (yellow), 4 (green), 5 (light blue), 6 
(dark blue), 7 (purple), and 8 (black) – are overlaid with the voltammogram obtained in the absence of acid 
(grey). (B) Stationary voltammograms of 0.5 mM Co(dmgBF2)2(CH3CN)2 in the presence of 5 mM 4-
trifluoromethoxyanilinium collected using a working electrode subjected to stationary multiple cycling 
experiments (blue) has a ΔEp[CoIII/II] that is 35 mV larger than that observed in voltammograms of the same 
solution collected with a freshly polished working electrode (red). The magnitude of this increase in peak-
to-peak separation is far smaller than that observed in catalytic voltammograms collected with a working 
electrode previously subjected to analogous multiple cycling experiments collected under hydrodynamic 
conditions (grey). Voltammograms recorded at 0.1 V s-1 in 0.25 M [NBu4][PF6] acetonitrile using a 
decamethylferrocene (0.25 mM) internal standard us a 5 mm OD glassy carbon working electrode. Lee, K. 
J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-




D.6 Electrochemical reduction of acids by glassy carbon 
4-trifluoromethoxyanilinium 
Variable rotation rate studies were recorded in a solution of 1.25 mM 4-trifluoromethoxyanilinium 
with 0.5 mM ferrocene. After each RDE voltammogram, the rotator was set to 0 rad sec-1 and a stationary 
voltammogram was collected. For both stationary and RDE measurements, a three-segment potential 
range that included the Fc+/0 couple was used: the potential was first swept from -0.45 V to -1.23 V, then 
from -1.23 V to 0.3 V, and finally from 0.3 V back to -0.45 V. Because this potential range included the Fc+/0 
couple, the increase in baseline current observed during RDE measurements is attributed to the 
accumulation of the oxidized internal standard ferrocenium in solution. 
  
Figure D.36 (A) Stationary voltammograms of 1.25 mM 4-trifluoromethoxyanilinium with 0.5 mM ferrocene 
in 0.25 M [NBu4][PF6] acetonitrile collected before variable rotation rate study (black) and after RDE 
voltammograms at 42 (dark blue), 94 (blue), 168 (light blue), 262 (grey), 317 (pink), and 377 (red) rad sec-
1. Voltammograms recorded at 0.1 V s-1.  (B) Corresponding RDE voltammograms recorded at 0.01 V s-1 
using rotation rates of 42 (dark blue), 94 (light blue), 168 (grey), 262 (pink), 317 (red), and 377 (black) rad 
sec-1. Rotation rates varied in ascending order.  Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; 
Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced by permission of The Royal 
Society of Chemistry. 
 
4-methoxyanilinium 
Variable rotation rate studies were recorded in a solution of 1.25 mM 4-methoxyanilinium with 0.5 
mM ferrocene. After each RDE voltammogram, the rotator was set to 0 rad sec-1 and a stationary 
voltammogram was collected. While the potential range employed during stationary measurements (-0.5 V 
to -1.3 V to 0.25 V to -0.5 V) included the Fc+/0 redox couple, the potential range used during RDE 
measurements (-0.5 V to -1.2 V to -0.46 V to -0.5 V) did not. The RDE voltammograms were referenced to 
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the value of the Fc+/0 couple observed in stationary measurements, which was constant across all stationary 
trials.  
The Fc+/0 redox couple was not included in the potential sweep during RDE measurements to avoid 
accumulation of ferrocenium in solution. No increase in baseline current was observed during these RDE 
measurements, unlike similar studies conducted with 4-trifluoromethoxyanilinium and trichloroacetic acid 
where the redox couple for the internal standard was traversed and an increase in baseline was observed.       
  
Figure D.37 (A) Stationary voltammograms of 1.25 mM 4-methoxyanilinium with 0.5 mM ferrocene before 
(red) and after (blue) variable rotation rate studies. Voltammograms obtained in 0.25 M [NBu4][PF6] 
acetonitrile at 0.1 V s-1. (B) Corresponding RDE voltammograms at 42 (red), 94 (pink), 168 (grey), 262 (light 
blue), 317 (dark blue), and 377 (black) rad sec-1. Rotation rates varied in ascending orders and 
voltammograms recorded 0.01 V s-1. Lee, K. J.; Gruninger, C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; 




Variable rotation rate studies were recorded in a solution of 1.25 mM 4-trichloroacetic acid with 0.5 
mM ferrocene. After each RDE voltammogram, the rotator was set to 0 rad sec-1 and a stationary 
voltammogram was collected. For both stationary and RDE measurements, a three-segment potential 
range that included the Fc+/0 couple was used: the potential was first swept from -0.45 V to -1.2 V, then 
from -1.2 V to 0.3 V, and finally from 0.3 V back to -0.45 V. Because this potential range included the Fc+/0 
couple, the increase in baseline current observed during RDE measurements is attributed to the 




Figure D.38 (A) RDE voltammograms of 1.25 mM trichloroacetic acid with 0.5 mM ferrocene in 0.25 M 
[NBu4][PF6] acetonitrile at 0.01 V s-1. Rotation rates varied in ascending order across the following range: 
42 (dark blue), 94 (light blue), 168 (grey), 262 (pink), 317 (red), and 377 (black) rad sec -1.  (B) Stationary 
voltammograms collected before variable rotation rate study (black) and after RDE voltammograms at 42 
(dark blue), 94 (blue), 168 (light blue), 262 (grey), 317 (pink), and 377 (red) rad sec-1.  Lee, K. J.; Gruninger, 
C. T.; Lodaya, K. M.; Qadeer, S.; Griffith, B.E.; Dempsey, J. L., Analyst 2020, 145, 1258-1278 – Reproduced 




APPENDIX E | SUPPLEMENTAL EXPERIMENTAL DATA FOR CHAPTER 5 
E.1 Electrochemistry of (bpy)Pt(CH3)2 in acetonitrile 
Diffusion Coefficient of (bpy)Pt(CH3)2 
 
Figure E.1 The cathodic peak current for the [(bpy)Pt(CH3)2]0/- redox couple as a function of υ1/2 gives a 
linear relationship. The slope of this line was used to calculate the diffusion coefficient of 1.51e-05 cm2 s-1 
via the Randles-Sevcik equation. Diffusion coefficient determined from a series of cyclic voltammograms 
recorded in a solution of 1 mM [(bpy)Pt(CH3)2] using scan rates varying from 0.025 to 10 V s-1. 
Peak shift analysis for anodic feature A 
 
Figure E.2 Anodic peak potential for A as a function of log(υ) for voltammograms recorded at 0.25 mM 





Figure E.3 Anodic peak potential for A as a function of log(υ) for voltammograms recorded at 1 mM 
(bpy)Pt(CH3)2. Voltammogram recorded in 0.25 M [NBu4][PF6] acetonitrile. Multiple data sets collected for 
this concentration. 
 
Figure E.4 Anodic peak potential for A as a function of log(υ) for voltammograms recorded at 2.5 mM 
(bpy)Pt(CH3)2. Voltammogram recorded in 0.25 M [NBu4][PF6] acetonitrile. Three data sets collected at this 
concentration. 
 
Figure E.5 Comparison of anodic peak potential for A as a function of log(υ) for voltammograms recorded 
at 0.25 (grey), 1 (blue), and 2.5 mM (red) (bpy)Pt(CH3)2. Dots represent the averages of the experimental 





Table E.1 Summary of linear fits for Ep,a(A) vs. log(υ) 
concentration (mM) Slope (V/log[V s-1]) y-intercept (V) R2  
0.25 0.027 -0.29 0.93  
1 0.026 -0.31 0.81  
2.5 0.032 -0.317 0.80  
 
Evaluating the role of trace water 
 For cyclic voltammograms of (bpy)Pt(CH3)2 collected in acetonitrile that had been degassed with 
argon and dried using a solvent system (Pure Process Technology), slight differences were observed in 
the redox features B and C depending on whether the acetonitrile was subsequently stored over molecular 
sieves prior to use. Namely, while the total magnitude of the two features remained approximately constant, 
the relative magnitude of B was enhanced (Figure E.6A). To confirm that trace water was the source of 
this discrepancy, 45 μL water was titrated into a 10 mL (bpy)Pt(CH3)2 solution prepared with the acetonitrile 
that had been dried over molecular sieves for one week. Addition of water led to the same enhancement of 
feature B relative to C.  
   
Figure E.6 (A) Cyclic voltammograms of 1 mM (bpy)Pt(CH3)2 comparing the impact of drying acetonitrile 
over molecular sieves for one week. Solution were prepared using acetonitrile that had been taken from 
the solvent system and either used without further drying (red) or stored over molecular sieves for one week 
(blue). (B) Cyclic voltammograms of 1 mM (bpy)Pt(CH3)2 in the absence of trace water (red) and upon 
addition of 45 μL water (blue) (total solution volume was 10 mL). All voltammograms collected in 0.25 M 
[NBu4][PF6] acetonitrile at 0.2 V s-1 using 1 mm glassy carbon electrodes. 
 
E.2 Mechanistic Analysis 
Spectroelectrochemistry 
A solution of 1 mM (bpy)Pt(CH3)2 was monitored during chronoamperometry in DFB via thin-layer 
UV-vis spectroscopy during. In the absence of an applied potential, (bpy)Pt(CH3)2 absorbs strongly in the 
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visible with a prominent feature at 470 nm. The spectrum observed after holding the electrode at a potential 
on the anodic feature (ca. 0.3 V) for 60 seconds contains a slightly broader band with about half the intensity 
of the original feature centered at 450 nm (Figure E.7A). No well-resolved peaks are observed for either 
oxidative disproportionation product in this wavelength range (Figure E.7B). In contrast, 
spectroelectrochemical measurements in acetonitrile showed a bleach of the signal of (bpy)Pt(CH3)2 (now 
at 455 nm) upon holding the electrode at oxidizing potentials without the growth of any new features (Figure 
E.8A), consistent with the absorbance spectra of the chemically isolated oxidative disproportionation 
products (Figure E.8B). 
 
 
Figure E.7 (A) UV-vis absorbance spectra of 1 mM (bpy)Pt(CH3)2 in 0.25 M [NBu4][PF6] 1,2-
difluorobenzene in the absence of an applied potential (red) and after applying a bias of 0.3 V for 10 
(orange), 25 (yellow), 35 (light green), 45 (green), 55 (light blue), and 65 (blue) seconds. (B) UV-vis 
absorbance spectra of the chemically isolated oxidative disproportionation products 
[(bpy)Pt(CH3)3(CH3CN)]+ (grey) and [(bpy)Pt(CH3)(CH3CN)]+ (black) overlaid with the spectra for 





Figure E.8 (A) UV-vis absorbance spectra of 1 mM (bpy)Pt(CH3)2 in 0.25 M [NBu4][PF6] acetonitrile in the 
absence of an applied potential (red) and after applying a bias of 0.3 V for 10 (orange), 25 (yellow), 35 (light 
green), 45 (green), 55 (light blue), and 65 (blue) seconds. (B) UV-vis absorbance spectra of the chemically 
isolated oxidative disproportionation products [(bpy)Pt(CH3)3(CH3CN)]+ (grey) and [(bpy)Pt(CH3)(CH3CN)]+ 
(black) overlaid with the spectra for (bpy)Pt(CH3)2 in the absence of an applied potential (red) and after 




Monitoring the chemical oxidation via 1H NMR 
 
Figure E.9 Example of (A) incomplete and (B) complete consumption of Fc+ for chemical oxidation 
experiments run in CD3CN with [Fc][PF6] and 1.1 equivalent of (bpy)Pt(CH3)2. Concentration was not 





Figure E.10 Monitoring the reaction of (bpy)Pt(CH3)2 with 0.5 equivalents of [Fc][PF6] for a sample where 
incomplete Fc+ consumption is observed. Going from bottom to top, 1H NMR were collected after 15, 26, 
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